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Structural health monitoring (SHM) involves the implementation of damage identification 
methods in engineering structures to ensure structural safety and integrity. The paramount 
importance of SHM has been recognised in the literature. Among different damage 
identification methods, guided wave approach has emerged as a revolutionary technique. 
Guided wave-based damage identification has been the subject of intensive research in the past 
two decades. Meanwhile, applications of fibre reinforced polymer (FRP) composites for 
strengthening and retrofitting concrete structures have been growing dramatically. FRP 
composites offer high specific stiffness and high specific strength, good resistance to corrosion 
and tailorable mechanical properties. On the other hand, there are grave concerns about long-
term performance and durability of FRP applications in concrete structures. Therefore, reliable 
damage identification techniques need to be implemented to inspect and monitor FRP-
retrofitted concrete structures. 
This thesis aims to explore applications of Rayleigh wave for SHM in FRP-retrofitted 
concrete structures. A three-dimensional (3D) finite element (FE) model has been developed 
to simulate Rayleigh wave propagation and scattering. Numerical simulation results of 
Rayleigh wave propagation in the intact model (without debonding at FRP/concrete interface) 
are verified with analytical solutions. Propagation of Rayleigh wave in the FRP-retrofitted 
concrete structures and scattering of Rayleigh waves at debonding between FRP and concrete 
are validated with experimental measurements. Very good agreement is observed between the 
FE results and experimental measurements. The experimentally and analytically validated FE 
model is then used in numerical case studies to investigate the scattering characteristic. The 
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scattering directivity pattern (SDP) of Rayleigh wave is studied for different debonding size 
to wavelength ratios and in both backward and forward scattering directions. The suitability 
of using bonded mass to simulate debonding in the FRP-retrofitted concrete structures is also 
investigated. Besides, a damage localisation method is introduced based on the time-of-flight 
(ToF) of the scattered Rayleigh wave. Numerical case studies, involving different locations 
and sizes of debonding, are presented to validate the proposed debonding localisation method.  
Nonlinear ultrasonics is a novel and attractive concept with the potential of baseline-free 
damage detection. In this thesis, nonlinear Rayleigh wave induced at debondings in FRP-
retrofitted concrete structures, is studied in detail. Numerical results of nonlinear Rayleigh 
wave are validated with experimental measurements. The study considers both second and 
third harmonics of Rayleigh wave. A very good agreement is observed between numerical and 
experimental results of nonlinear Rayleigh wave. Directivity patterns of second and third 
harmonics for different debonding size to the wavelength ratios, and in both backward and 
forward scattering directions, are presented. Moreover, a damage image reconstruction 
algorithm is developed based on the second harmonic of Rayleigh wave. This method provides 
a graphical representation for debonding detection and localisation in FRP-retrofitted concrete 
structures. Experimental case studies are used to demonstrate the performance of the proposed 
technique. It is shown that the proposed imaging method is capable of detecting the debonding 
in the FRP-retrofitted concrete structures. 
Overall, this PhD study proves that Rayleigh wave is a powerful and reliable means of 
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1.1 Structural Health Monitoring 
Engineering structures are indispensable assets of the society and provide people with crucial 
services. Therefore, integrity, serviceability and safety of the engineering structures are of 
paramount importance. The literature on Structural Health Monitoring (SHM) has been 
developed extensively over the past two decades [1, 2]. SHM is defined as the implementation 
of an integrated sensing/actuating system in engineering structures in order to monitor 
structural conditions and identify damage through data acquisition and processing. Damage 
can be defined as any local variation in the physical state or mechanical properties of a 
structural component, which can adversely affect the structural behaviour [3]. Depending on 
the material, fabrication and geometry of the structure, different types of damage can occur; 
e.g. cracks and fractures, buckling, corrosion, joint loosening, matrix cracking, fibre pull-out 
or breakage, delamination and debonding [4]. Some common types of damage in composites 
are shown in Figures 1-1a to 1-1f. The procedure of damage identification can be divided into 
four levels [5]:  
• Detecting the existence of damage  
• Determining damage location 
• Identifying damage type  
• Quantifying extent or severity of the damage  
It should be noted that it is more difficult and challenging to achieve higher level of damage 
identification. The development and use of accurate, reliable and economical damage detection 
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techniques can enhance structural safety, integrity and serviceability. In this regard, a wide 
variety of damage identification methods have been developed in the literature. 
   
a b c 
   
d e f 
Figure 1-1. Examples of damage in composites a. surface cut; b. filament breakage; c. impact dent; d. 
blister; e. surface swelling-blistering; and f. voids in resin filler [3] 
1.2 Guided waves 
Guided waves propagate in solid media and their propagation is characterised by the 
boundaries of the waveguide. Different types of guided waves can occur in different types of 
structures, depending on geometry and boundary conditions of structural element(s). Some 
types of guided waves are shown in Figure 1-2 and they are listed as below. 
• Rayleigh waves, also defined as surface waves, propagate along the surface of a semi-
infinite solid medium. 
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• Love waves also propagate in a semi-infinite solid medium in which direction of particle 
vibration is horizontal and perpendicular to the propagation direction. 
• Lamb waves propagate in a plate or plate-like thin medium. 
   
a b c 
Figure 1-2. a. Rayleigh wave; b. Love wave; and c. Lamb wave [6] 
Guided wave damage identification methods have significantly captured interests of 
researchers in the past two decades [7-9]. The advantages of guided waves over conventional 
bulk wave inspection methods can be enumerated as follows [10-13]: 
• Guided waves can propagate over relatively long distances while conventional bulk 
waves can inspect only a limited area of structure from a single probe location. This is 
schematically shown in Figures 1-3a and 1-3b. 
• Guided waves are economical because their application is fast, energy-efficient and cost-
effective. 
• Guided waves have active nature, which enables clients to apply them wherever and 
whenever necessary. 
• Guided waves have ability to inspect inaccessible, encapsulated and embedded structural 
elements. 





Figure 1-3. a. Bulk waves; and b. guided waves [13] 
1.3 Fibre reinforced polymer composites 
Fibre reinforced polymer (FRP) composites have been extensively used for retrofitting, 
strengthening and repairing concrete structures [14]. The use of FRPs is economical and they 
have high specific strength and high specific stiffness [15]. They, besides, show better 
resistance to corrosion than other conventional construction materials such as steel. There are, 
on the other hand, grave concerns about long-term performance of FRPs on concrete structures 
[16-18]. That is in part because FRP is still a relatively new concept compared to other 
conventional structural materials, such as steel and concrete. In addition, for FRP bonded to 
concrete, experimental data on durability is sparse and not well-documented [19]. 
Different types of defects can occur during preparation, installation and service life of 
concrete structures retrofitted by FRP composites [20]. Several non-destructive evaluation 
(NDE) techniques, such as impact testing, infrared thermography and acoustic emission are 
currently implemented in FRP-retrofitted concrete structures [21]. Due to the active nature of 
guided waves and their above-mentioned advantages, guided wave-based method seems 
promising for damage identification in FRP-retrofitted concrete structures; particularly; 
debonding detection at FRP/concrete interface. To date, different approaches have been 
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adopted by researchers towards guided wave-based damage detection in homogenous and 
composite materials, which will be discussed in the literature review.  
1.4 Objective and aims of the research 
The main objective of this research is to gain physical insights and develop guided wave-based 
damage identification techniques for FRP-retrofitted concrete structures. Guided waves 
propagate in FRP-retrofitted concrete structures as Rayleigh wave. Therefore, to achieve the 
main objective, the following aims have been pursued: 
• To gain physical insights into Rayleigh wave propagation in FRP-retrofitted concrete 
structures and scattering at debonding at FRP/concrete interface. 
• To enhance understanding about higher harmonics generation of Rayleigh wave due to 
interaction with debonding between FRP and concrete. 
• To develop a debonding localisation method in FRP-retrofitted concrete structures using 
linear Rayleigh wave. 
• To develop a debonding detection technique in FRP-retrofitted concrete structures using 
higher harmonics of Rayleigh wave. 
1.5 Thesis outline 
Chapter 1 (current chapter) provides an introduction, and objective and aims of this research. 
A general explanation of SHM and the use of guided wave for damage identification is 
provided. Applications of FRP composites to retrofit concrete structures and defects in FRP-
retrofitted concrete structures are then discussed. A list of publications, including journal and 
conference papers, is also mentioned at the end of this chapter. 
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Chapter 2 presents a comprehensive literature review in two sections. The first section 
reviews applications of guided waves for damage identification, particularly in composite 
structures. Various aspects of guided wave-based damage identification are discussed. The 
second section reviews applications of FRP composites in concrete structures, defects in FRP-
retrofitted concrete structures, and current inspection methods for FRP-retrofitted concrete 
structures. Based on the literature review, the research gaps are then identified. 
Chapter 3 discusses the proposed research methodology and the basics of numerical methods 
for simulation of Rayleigh wave propagation and scattering. Besides, the analytical solution 
for verification of Rayleigh wave propagation is described. The preparation steps of FRP-
retrofitted concrete specimens are also presented in this chapter. 
Chapter 4 presents a study of Rayleigh wave propagation in FRP-retrofitted concrete 
structures and scattering of linear Rayleigh wave at debonding between FRP and concrete. 
Numerical simulations of Rayleigh wave propagation and scattering are presented and 
validated with analytical solutions and experimental measurements. Absorbing layers are 
developed to enhance computational efficiency of numerical simulations. Furthermore, this 
chapter discusses the suitability of bonded masses to simulate debonding at FRP/concrete 
interface. To investigate effects of debonding size and shape on Rayleigh wave scattering, a 
parametric study is also presented. 
Chapter 5 provides insights into generation of higher harmonics of Rayleigh wave due to 
contact nonlinearity at debondings in FRP-retrofitted concrete structures. Numerical 
simulations of linear and nonlinear components of Rayleigh waves are validated with 
experimental measurements. Generation of both second and third harmonics of Rayleigh wave 
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are investigated and validated with experiments. A parametric study is also carried out to 
investigate the directivity patterns of second and third harmonics of Rayleigh waves for 
different sizes of debonding at FRP/concrete interface. 
Chapter 6 presents a debonding detection method in FRP-retrofitted concrete structures based 
on the scattering of linear Rayleigh wave. The proposed method employs time-of-flight of the 
scattered Rayleigh waves at debonding at FRP/concrete interface. Numerical case studies are 
presented to validate the proposed debonding detection technique. Different locations and 
sizes of debonding are considered in numerical investigations. 
Chapter 7 introduces a debonding identification technique in FRP-retrofitted concrete 
structures based on nonlinear Rayleigh wave. An imaging approach is adopted to locate 
debonding using higher harmonics generation at debonding between FRP and concrete. The 
imaging method is successfully applied to locate the debonding in experimental case studies. 
The proposed technique can facilitate a reference-free damage detection in FRP-retrofitted 
concrete structures. 
Chapter 8 presents the conclusions drawn from this PhD study. Potential subjects for further 
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2 Literature review 
2.1 Damage identification using guided waves 
Guided waves have been of great interest among researchers, especially in the past two decades 
[22, 23]. Different aspects of guided wave damage identification including wave actuation and 
collection, signal processing and interpretation, have been studied. The literature on guided 
wave is still being developed rapidly with a focus on damage identification in a wide variety 
of homogenous and composite materials with different types of damage. However, guided 
wave-based damage identification in composite structures is very complex because of non-
homogeneous and layered architecture of composites, which results in several reflections and 
refractions of guided wave signals [24, 25]. 
2.1.1 Fundamentals of guided waves 
Horace Lamb [26], was first to explain waves in plates and therefore plate wave has been 
named after him. Before that, Rayleigh [27] had discovered waves along the surface of a semi-
infinite elastic solid. Lamb Waves are guided waves propagating in a plate or thin plate-like 
medium. There are two fundamental modes of Lamb waves, symmetric (S0) and asymmetric 
(A0) Lamb waves. A0 waves have smaller wavelength and are therefore more sensitive to 
damage; however, S0 waves have smaller magnitude and can travel longer distance over the 
surface of structure compared to A0 waves. Based on parameters and conditions of the guided 
wave problem, the appropriated wave mode should be selected. Propagation of S0 and A0 















The parameters p and q are given by Equations 3 and 4 where CL and CT denote longitudinal 
and transverse velocities respectively. Also, h, ω, k, ν, ρ and E represent half thickness, angular 
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Group velocity (Cg) and phase velocity (Cp) are two important concepts, by which the 
propagation of guided waves can be described. Group velocity is the velocity of propagation 
of a group of waves with similar frequency. Group velocity can be obtained in experiment 
based on difference of arrival times of signals. Phase velocity is the propagation speed of the 
wave phase at a specific frequency. The relationship between wavenumber, angular frequency, 
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Figure 2-1. Phase velocity of Lamb wave modes in a steel plate as a function of product of frequency and 
thickness 
Dependency of phase velocity on spatial frequency means that a wave is dispersive. If phase 
velocity is constant, then Cp=Cg and there will be no dispersion. The relationship between 
































The graphic display of solutions of the guided wave equations is called “dispersion curve” 
and is of major importance in guided wave-based damage detection analysis. Figure 2-1 shows 
a phase velocity dispersion curve of symmetric and asymmetric Lamb waves in a steel plate 
as a function of product of plate thickness and frequency. 
2.1.2 Generating and sensing of guided waves 
Guided waves can be generated by the use of an actuator or a number of actuators. An actuator 
is a device which converts electrical signal into mechanical motion. Thus, actuator is called an 
active device. Capturing of waves is done by a sensor or a network of sensors. A sensor is an 
instrument which turns a mechanical motion into electrical signal and therefore is called a 
passive device. Transducer is a device which function as both actuator and sensor. It can 
converts electrical signal to mechanical motion and vice versa and therefore excitation and 
sensing of waves can be done by a transducer.  
Piezoelectric ceramic (PZT) elements have been widely used in guided wave-based SHM. 
The direct piezoelectric effect is defined as the generation of electric signal due to mechanical 
deformation. The opposite effect, which is also called inverse piezoelectric effect, is the 
application of an electric charge to induce mechanical strain [29]. PZT transducers are able to 
both generate and capture waves and can be either surface-mounted or integrated into host 
structure. Main advantages of PZT transducers are listed as follows [28]: 
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• With the use of PZT elements, guided waves can be excited with controlled waveform, 
frequency and amplitude. 
• The use of PZT transducers is economical because they are inexpensive. Besides, the 
number of signal generators/sensors in SHM scheme will be substantially reduced as 
PZTs can both generate and receive signals. 
• PZT transducers are lightweight and can be coupled with host structures with minimum 
intrusion. Figure 2-2 shows examples of different sizes of PZT elements. 
• PZT transducers have good mechanical strength. 
 
Figure 2-2. Different sizes of PZT elements [28] 
Sensors constitute a crucial part of any NDE method and damage identification system. 
Generally, NDE techniques are based on measuring defect-induced variations in structural 
properties. Those variations are reflected in the dynamic features such as captured guided wave 
signals. Therefore, sensor’s capability of accurately obtaining and faithfully transmitting all 
changes in the structure is of paramount importance. In addition, a sensor needs to be flexibly 
embeddable in or mounted on the host structure with minimum intrusion. Ease of operation is 
also another necessity for a sensor or a network of sensors [28]. Considering aforementioned 
advantages of PZT transducers, they are a very good choice for sensing guided wave signals. 
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2.1.3 Digital signal processing 
Signal processing is a very important step in guided wave-base damage detection [30]. The 
purpose of signal processing is to extract the feature of wave signal, which can help with 
damage identification. However, the feature extraction is always accompanied by some 
challenges. For instance, guided wave signals are likely contaminated by a number of factors, 
such as ambient noise and varying temperature. Moreover, several wave modes can exist in a 
signal simultaneously. Hence, a proper signal processing scheme should be implemented to 
accurately extract wave feature containing the damage information.  
2.1.3.1 Hilbert transform 
Basically, a wave signal is presented as a series of amplitudes in the time domain and therefore 
time domain methods can be used to extract basic features of the signal. When guided wave 
signals interact with damage, scattering occurs. Scattering phenomenon can be investigated 
based on instantaneous wave characteristics. Besides, propagation characteristics of guided 
waves can be obtained from signals in time domain. The Hilbert transform is an important tool 
converting a guided wave signal f(t) to an analytical signal FA(t), where H(t) is the Hilbert 
transform of f(t):  

















where ϕ(t) is the instantaneous phase. As seen in the Equation (15), the analytical signal is 
comprised of a real and an imaginary part. The real part is the original wave signal and the 
imaginary one is the corresponding Hilbert transform. The energy envelope of guided wave 
signals in time domain is often obtained by Hilbert transform. 
2.1.3.2 Fourier transform 
The captured guided wave signals usually contain ambient noise as well as boundary 
reflections. Therefore, it is difficult to extract the scattered signal from the time domain signals. 
Fourier series provide a means for representing the periodic signals in frequency domain. By 
applying Fourier transform on a wave signal, the signal is decomposed into its harmonic 
components. The basic relationship of Fourier transform can be described as:  




where f(t) is the wave signal in time domain and ω is the angular frequency. Among Fourier 
methods, fast Fourier transform (FFT) has been widely used in damage detection studies [31, 
32].  
2.1.3.3 Short-time Fourier transform 
Although FFT technique is commonly used for processing the guided wave signals, it only 
provides frequency domain information without any time information [33]. A joint time-
frequency domain method combines the analysis in time and frequency domain in order to 
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extract as much as information from the wave signal. A very common joint time-frequency 
method is the short-time Fourier transform (STFT). In this method, a time window function, 
usually a Hanning or Gaussian window function, is employed. The window function, denoted 
by W, is applied on the wave signal f(τ) around the specific time, t, while ignoring the rest of 
signal. This operation is then repeated for all intervals along the time axis. The energy density 
spectrum, which is basically the Fourier transform of the windowed signal, can be expressed 
as [28]: 





2.1.3.4 Wavelet transform 
Wavelet transform (WT) is another joint time-frequency method. When wavelet transform is 
applied to a signal, the time-amplitude domain (t, f(t)) is transferred into a time-scale domain 
(a, b). Here, scale denoted by b, is inversely proportional to frequency. There are two types of 
wavelet transform, continuous wavelet transform and discrete wavelet transform, and they are 











−𝑚𝑚2 �𝑓𝑓(𝑡𝑡).𝜓𝜓(𝑡𝑡0−𝑚𝑚𝑡𝑡 − 𝑡𝑡𝑏𝑏0)𝑑𝑑𝑡𝑡 (22) 
𝑡𝑡 = 𝑡𝑡0𝑚𝑚 , 𝑏𝑏 = 𝑡𝑡𝑡𝑡0𝑚𝑚𝑏𝑏0,𝑚𝑚,𝑡𝑡 ∈ 𝑍𝑍 (23) 
where f(t) is the wave signal and Ψ(t) is orthogonal wavelet function. Besides, a0 and b0 define 
the sampling intervals along the time and scale axes, respectively. Using DWT analysis, we 
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can decompose signals into discrete components while CWT provides energy spectrum of the 
wave signal in the time-scale domain. Thus, the computational cost of a CWT analysis is far 
higher than that of a DWT operation. 
2.1.4 Guided waves in composites 
Rose [34] provided an insight into the potentials of ultrasonic guided waves for NDE and 
SHM. Advantages of new method of guided wave over the conventional bulk wave method, 
along with the possible application fields of guided waves have been outlined. Finite element 
(FE) method is a widely used and recognized method for numerical simulation. A numerical 
simulation is usually associated with experimental measurements. The reason for performing 
experiments is to validate FE results; however, some of the studies in the literature were limited 
to numerical study only. 
Diamanti et al. [35] presented a study on detection of low-velocity impact damage in 
composite plates with Lamb waves using FE method and experimental validation. Generation 
of A0 Lamb wave with the use of a linear array of small piezoelectric patches was studied. The 
optimum number and spacing of piezoelectric patches then was determined and impact 
damage in multidirectional carbon FRP was detected in experiment. This work was followed 
by Diamanti et al. [36] presenting a study on PZT transducer arrangement for inspection of 
large composite structures again with the use of finite element method and experimental 
validation. It involved generation of A0 Lamb wave in carbon FRP quasi-isotropic laminates 
using a linear array of thin piezoelectric transmitters operating in-phase. The aim was to 
develop a system of smart devices that would be permanently attached on the surface of the 
composite structure and monitor the interaction of Lamb waves at defects with a focus of 
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inspection of large areas with a limited number of sensors. Defects of critical size and also 
location of damage was determined. Furthermore, the technique was applied to the inspection 
of stiffened panels.  
Despite all advantages of FE method, the high computational cost is a concern especially 
when the geometric size of model is large; also, in FE simulation, the unwanted reflection from 
boundaries is an important issue. To overcome this problem, Drozdz et al. [37] proposed a 
concept of using absorbing regions. Absorbing regions are finite regions attached at the 
extremities of the model in order to approximate the case of an unbounded problem by 
absorbing waves entering them. Two methods of application of absorbing boundary layers for 
guided waves are “Perfectly matched layer (PML)” and “Absorbing layers by increasing 
damping (ALID)”. Rajagopal et al. [38] presented analytical modelling of PML and ALID for 
both bulk wave and guided wave problems. A stiffness reduction method for efficient 
absorption of waves in absorbing layers was studied by Pettit et al. [39]. It was aimed at 
reducing stiffness values inside absorbing layers so that the time increment could remain 
constant in spite of increasing damping values. Hosseini and Gabbert [40] studied on using 
dashpot elements as non-reflecting boundary condition for Lamb wave propagation problems 
in honeycomb and CFRP plates. The work involved FE simulation using ANSYS along with 
experimental validation. Moreau and Castaings [41] worked towards reducing the size of FE 
model with the use of an orthogonality relation. It was a technique for post-processing FE 
output data corresponding to 3D guided waves scattering problems. The method was based on 
a 3D orthogonality relation used to calculate the amplitudes of individual Lamb or SH-like 
modes forming a scattered field predicted by the FE model.  
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One of the complexities in guided wave problem is wave mode conversion due to defects. 
Cegla et al. [42] studied on mode conversion and scattering of plate waves at non-symmetric 
circular blind holes in isotropic plates using analytical prediction and experimental 
measurements. The analytical model was based on Poisson and Mindlin plate wave theories 
for S0 and A0 modes, respectively. Wave function expansion technique and coupling 
conditions at defect boundary were used to evaluate the scattered far fields for the three 
fundamental guided wave modes. The results were compared to other analytical models and 
also experimentally validated. Two active pitch-catch sensing methods for detection of 
debondings and cracks in metallic structures was studied by Ihn and Chang [43], which could 
be implemented into aircraft frame structures. First, a single actuator-sensor pair (pitch-catch) 
was used to generate a damage index in order to be used to characterize damage at a known 
location. Second, a diagnostic imaging method using multiple actuator-sensor paths was 
introduced to characterize damage size and location without need of a structural or damage 
model. For validation, this method then was tested on aluminium plates and a stiffened 
composite panel. Ng et al. [44] introduced a two-phased damage imaging methodology for 
damage characterization in composites. Integrated PZT transducers were used to sequentially 
scan the structure before and after the presence of damage. In the first phase, the location of 
damage was determined by a damage localization image and in the second phase, a diffraction 
tomography technique was used to characterize the size and shape of damage. The 
methodology was practical because it needs only a small number of transducers compared to 
other diffraction tomography algorithms. Also, it was proved to be computationally efficient 
since damage localization image involved only cross-correlation analysis.  
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Vanli and Jung [45] presented a new statistical model updating method for damage 
detection in composites utilizing both sensor data and FE analysis model. The purpose was to 
use the data received from Lamb wave sensors in order to enhance damage prediction ability 
of FE analysis model by statistically calibrating unknown parameters of FE model and 
estimating a bias-correcting function to reach a good agreement between FE model predictions 
and experimental observations. Experiments were done on composite panel with piezoelectric 
elements to validate the model. Ng [46] introduced a Bayesian model updating approach for 
quantitatively identifying damage in beam-like structures using guided waves. It utilizes a 
hybrid particle swarm optimization algorithm to maximize probability density function of a 
damage scenario conditional on the captured waves. Not only is this model able to identify 
damage location, length and depth, but also it can help determine the uncertainty associated 
with damage identification. A number of experiments were carried out on Aluminium beams 
with various damage scenarios. Experiments results proved accuracy of damage identification 
using this model, even when the damage depth was small. A new third-order plate theories in 
modelling of guided Lamb waves in composites was introduced by Zhao et al. [47]. It 
presented a new HSDT of five degrees of freedom considering the stress free boundary 
condition in order to shorten calculations. Analytical derivation of guided Lamb wave equation 
for an n-layered anisotropic composite laminate was the subject of a research presented by 
Pant et al. [48]. Experiments were performed with both S0 and A0 Lamb wave modes on an 8-
layered carbon fibre epoxy composite panel and also on a 7-layaered fibre-metal laminate 
GLARE in order to validate analytical results.  
21 
 
2.1.5 Waves interaction with delamination in composites 
The interaction of guided waves with delamination in composites has been studied extensively. 
Hayashi and Kawashima [49] carried out a brief study on multiple reflections of Lamb waves 
at a delamination in an eight-layered plat model using FE method. The study revealed that 
when Lamb wave propagates toward the delamination, it splits into two independent waves at 
the entrance of the delamination without any significant reflection. Rather, Lamb wave 
reflection occurs at the exit of delamination and large reflections happen only if there are phase 
differences between the divided two regions. Ramadas et al. [50] performed a numerical and 
experimental research of the primary A0 Lamb wave mode with symmetric delaminations in a 
quasi-isotropic laminated composite plate. It was concluded that if A0 is the incident wave at 
the entrance of delamination, a new S0 mode wave is created which is confined in sub-
laminates. It was observed that only the A0 incident wave and A0 mode-converted waves 
propagate in the main laminate. Ramadas et al. [51], then, presented a study on interaction of 
guided Lamb waves with an asymmetrically located delamination in a laminated composite 
plate. It was concluded from numerical analysis and also experimental works that when the A0 
mode interacts with end points of an asymmetrically located delamination, it generates a new 
S0 mode which propagates in each of two sub-laminates as well as main laminate. Turning 
mode and a mode converted turning mode were also detected.  
Ng and Veidt [52] studied on scattering of fundamental A0 Lamb waves at delamination in 
a quasi-isotropic laminate using a three-dimensional explicit FE method and experimental 
measurements. The study suggested that scattering of A0 Lamb wave at delamination in 
composite laminates has far more complexity than the scattering of wave when interacting 
with damage in isotropic plate. The results showed that scatter amplitude directivity depend 
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on the delamination size to wavelength ratio and the through thickness of delamination. Ng 
and Veidt [53], also, performed a study on the interaction of low frequency A0 Lamb wave -
as incident wave- with debondings at structural features in composite laminates. FE simulation 
of A0 Lamb wave scattering at a debonding between an 8-ply quasi-isotropic composite 
laminate and a structural feature was done with software ANSYS and LS-DYNA. Results of 
FE analysis then were verified by experimental investigations. The study suggested that the 
amplitude of the A0 Lamb wave scattered at the debonding, is sensitive to debonding size 
indicating the potential of low frequency Lamb waves for debonding detection. Furthermore, 
Ng et al. [54] studied on the scattering of the fundamental A0 Lamb wave at delaminations in 
quasi-isotropic composite laminates using both analytical and FE investigations. Analytical 
study was based on the Mindlin plate theory and Born approximation and analytical results 
were on good agreement with those of FE simulation. Peng et al. [55] presented a study on 
Lamb wave propagation in damaged composite laminates using FE method and experimental 
investigations. Waves were generated by PZT elements and damage was in form of matrix 
cracking and delamination in a composite coupon. The study suggested that the effect of 
delamination highly depends on the material and the frequency of actuation. Also, matrix 
cracking and delamination should be incorporated in simulation as experiment showed that 
matrix cracking occurred along with the delamination.  
It is well-known that because of multi-layered and non-isotropic architecture of composites, 
scattered Lamb wave signals are very complex to interpret. What adds to complexity is the 
presence of some environmental and operational factors which exert influence on captured 
signals. Schubert et al. [56] worked on changes in guided Lamb wave propagation which are 
not induced by damage. Based on that research, temperature variation, fluid loading, 
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mechanical loads, absorption of water or chemical into composite matrix can affect Lamb 
wave propagation properties. Experimental investigations were carried out on anisotropic 
fibre-reinforced materials to understand the influence of temperature, humidity absorption, 
structural features, load, fatigue, and local damage using surface-mounted PZT transducers. 
The study underlined the complexity of distinguishing between damage-related and non-
damage-related changes in Lamb wave signals properties, posing a challenge to Lamb wave-




2.2 Structural health monitoring of FRP-retrofitted concrete structures 
2.2.1 Applications of FRP in concrete structures 
FRP composites have been widely used for retrofitting and strengthening existing concrete 
structures. Applications of FRPs in civil infrastructure are exponentially growing [57-60]. FRP 
composites are used on concrete structures for different purposes including [61-63]: 
• Flexural or shear strengthening of concrete members 
• Ductility enhancement of concrete columns 
• Repair of damaged or deteriorated concrete components 
The need for strengthening can arise from errors in design and/or construction stage, higher 
loading conditions required by changes in codes and standards or new client’s requirements 
[64]. The main advantages of FRPs over conventional retrofitting materials are [65-67]: 
• The use of FRP is fast and economical. 
• FRPs are lightweight; therefore; they add very little to the total dead load of the structure. 
Besides, they do not need temporary support after installation. 
• FRPs have high specific strength and high specific stiffness. 
• FRPs usually show good fatigue and creep performance. 
• FRPs are more resistant to corrosion than conventional construction materials 
• FRPs can have versatile fabrication and adjustable mechanical properties. 
Table 2-1 compares density, modulus of elasticity, tensile strength, fatigue and sustained 
loading and durability in alkaline/acid environment of carbon FRP (CFRP), aramid FRP 
(AFRP), and glass FRP (GFRP) with steel: 
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Table 2-1. Comparison of typical properties of three types of FRP with steel [68] 
  CFRP AFRP GFRP Steel 
Density (kg/m3) 1600–900 1050–1250 1600–2000 7800 
Elastic modulus (GPa) 56-300 11-125 15-70 190-210 
Tensile strength (MPa) 630-4200 230-2700 500-3000 250-500 
Fatigue Excellent Good Adequate Good 
Sustained loading Very good Adequate Adequate Very good 
Alkaline environment Excellent Good A concern Excellent 
Acid/chloride exposure Excellent Very good Very good Poor 
 
 
2.2.2 Importance of SHM in FRP-retrofitted concrete structures 
While the use of FRPs in civil construction is extensively expanding, “SHM” and “damage 
detection” in FRP-retrofitted concrete structures must be given a great deal of attention. Unlike 
conventional construction materials such as steel, application of FRP composite for civil 
structures is still in early stage and very few data is available for their service life, 
maintainability and reparability [69]. Durability of FRP bonded to concrete has always been a 
concern, because many applications are outdoors and subjected to environmental factors, such 
as moisture and high temperature [70-72]. A number of studies have been concluded that 
mechanical properties of FRP composites bonded to concrete, degrade with the passage of 
time [73]. The “American Concrete Institute” committee 440 notifies that experimental data 
on durability of hybrid FRP-retrofitted concrete structures is rare, disorganized, badly-




Table 2-2. Stages of application of FRP on concrete structures and different causes of defect [20] 
Rehabilitation process stages Examples of defect cause 
Composite constituent 
materials 
• overaged, contaminated or moisture-contained resins 
• incorrect fibre type 
• loose, twisted or broken fibres 
• fibre gaps 
• wrinkled or sheared fabrics 
• fabric moisture 
• voids, process-induced or handling damage in pre-fabricated 
materials 
Preparation of FRPs and 
concrete substrate on the site 
• inappropriate storage, stoichiometry or mixing of resin 
• moisture absorption by fibrous materials 
• inadequate preparation and grinding of concrete substrate 
• galvanic corrosion of carbon fibres 
Installation of composites on 
concrete substrate 
• sagging of infiltrated composite material 
• non-uniform interface (resin-rich & resin-starved) 
• voids, air-entrapments and porosity at the FRP/concrete 
interface 
FRP-retrofitted concrete in 
service 
• penetration of moisture or chemicals at the FRP/concrete 
interface 
 
In FRP-retrofitted concrete structures, defects can be initiated at any stage of rehabilitation 
process, including raw constituent material level, on-site preparation of FRP composites and 
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concrete substrate, installation of FRP composite overlays on reinforced concrete elements and 
finally during the service life of FRP-retrofitted concrete structure [74]. Defects in materials, 
preparation and installation are usually caused by human error, while in-service defects are 
mostly induced by environmental factors [17]. Table 2-2 demonstrates some general causes of 
defects during different stages of application of FRP on concrete substrate. 
In general, the occurrence of defects in material, preparation, installation and in service 
cannot be completely avoided. If defects are not detected and remedial work is not done 
appropriately and in time, the defects will propagate and lead to ineffectiveness of retrofitting 
scheme [75]. This, in fact, underlines the necessity of precise and reliable non-destructive 
evaluation in FRP-retrofitted concrete structures. Sections 2.2.3 to 2.2.7 will explain the 
conventional NDE techniques, which are currently implemented for defect detection in FRP-
retrofitted concrete structures. Also, applications of linear and nonlinear Rayleigh waves for 
damage detection will be discussed in Sections 2.2.9 and 2.2.10, respectively. 
2.2.3 Visual testing 
Visual inspection or visual testing (VT) is the most frequently used NDE method; in fact, 
visual inspection is the first and fundamental step in any structural inspection or defect 
detection process. Some types of damage in FRP-retrofitted concrete elements can be detected 
by VT including [76]: 
• Discoloration of materials induced by UV deterioration 
• Surface moisture absorption 
• Fabric unravelling 
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However, there are several disadvantages of visual testing method [77]: 
• VT is highly susceptible to misunderstanding or misconception of the inspector specially 
in varying inspection conditions.  
• If done properly, VT is only a qualitative method and does not usually demonstrate a 
high level of consistency. 
• Visual inspection is not capable of finding under-surface defects such as debonding 
between FRP composite and concrete substrate. 
The above-mentioned disadvantages of VT should not make it to be put aside. Instead, 
visual testing is a basic method and needs to be supplemented by more sophisticated NDE 
techniques [78].  
2.2.4 Impact testing 
Impact testing, also referred to as hammer tapping, is a very simple method for finding 
debonding in FRP-retrofitted concrete structures. The impact testing method involves the use 
of a hard object such as hammer to strike the surface of the composite material which is bonded 
to a concrete substrate. Debonding between FRP and concrete can result in a hollow tone, 
which is listened to by an operator. To avoid inflicting damage on the composite, suitable 
impact devices with proper tapping force and angle need to be applied [79]. Impact testing is 
very simple and readily-available; however, the biggest drawback of this technique is that it is 
heavily subjective and dependent on the inspector [80]. Figure 2-3 shows typical tools that are 




Figure 2-3. Typical inspection tools for visual testing and hammer tapping [77] 
2.2.5 Microwave method 
Microwave methods have been implemented to find subsurface defects in FRP-retrofitted 
concrete structures [81]. In this method, a waveguide transmits electromagnetic wave through 
FRP-retrofitted concrete element, which is then captured by a probe. Changes in electronic 
properties of material can be a sign of subsurface damage such as debonding between FRP and 
concrete. Figure 2-4 displays microwave equipment for inspection of a concrete bridge to find 
debonding between FRP and concrete. One of the major drawbacks of microwave method is 
that microwaves cannot fully penetrate into conductive materials; hence, the application of this 




Figure 2-4. Microwave apparatus for inspection of concrete members retrofitted with FRP composites 
[77]. 
2.2.6 Infrared thermography 
Infrared thermography (IRT) is another NDE technique for defect detection in FRP-retrofitted 
concrete structures. In this method, heat flows through FRP-retrofitted concrete element as 
shown in Figure 2-5a. Existence of a defect can disrupt the heat flow, which results in surface 
temperature change. This change can be captured by an infrared camera. Figure 2-5b shows 
infrared image of a FRP-retrofitted concrete column, with debonding areas obvious in the 
image. Despite simplicity of IRT method, some complexities can affect the accuracy of the 
results. The presence of coating, stain, dust or moisture can make the thermal image very 
obscure and therefore hide subsurface defects. Environmental conditions such as ambient 
temperature and wind can also have an adverse effect on the test accuracy. In addition, the 
initial cost of IRT method is very high and highly-skilled operators is a real necessity. 
Moreover, the temperature change from subsurface defects such as debonding can be very 





Figure 2-5. a. Heating a concrete column wrapped with FRP composites; and b. IRT image showing areas 
of debonding [82]  
2.2.7 Acoustic emission  
Acoustic emission (AE) method is based on the fact that when structural elements undergo 
certain levels of stress, elastic waves are released provided that specific types of defect exist 
in the structure. Acoustic emission in FRP composites can be induced by matrix cracking, fibre 
breakage, and delamination. In concrete structures, cracking and debonding between 
aggregates and mortar can be responsible for acoustic emissions. Also, AE may occur in FRP-
retrofitted concrete structures as a result of debonding between FRP composite and concrete 





Figure 2-6. Schematic diagram of acoustic emission method. Courtesy of www.nde-ed.org. 
Inspection of FRP-retrofitted concrete structures using AE method has some disadvantages. 
Firstly, acoustic emission is a passive method, i.e. the structure needs to be loaded to a certain 
level and defect must exist so that acoustic emissions are released. Secondly, AE is not capable 
of defining the exact location and also the size of damage. Thirdly, highly-skilled operator and 
very advanced equipment is needed to perform AE procedure [84]. 
2.2.8 Guided waves in FRP-retrofitted concrete structures 
There is very limited literature on guided wave-based damage identification in FRP-retrofitted 
concrete structures. Kim et al. [21] presented a damage detection study in FRP-strengthened 
concrete elements based on time reversal method. Sharma et al. [85] studied on monitoring 
corrosion of FRP wrapped concrete structures using guided waves. Li et al. [86] studied on 
guided wave-based debonding detection in FRP-reinforced concrete elements using time 
reversal method and wavelet transform. Based on the literature, it can be found out that 
although few studies exist on guided waves for FRP-retrofitted concrete, guided wave-based 
approach is a promising method for SHM in FRP-retrofitted concrete structures [87]. 
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2.2.9 Rayleigh waves in concrete structures 
Rayleigh wave is a type of guided wave that propagates along the surface of a semi-infinite 
solid medium. When a harmonic load is applied on a half-space, Rayleigh wave will contain 
the biggest portion of energy compared to other types of body waves (S-waves and P-waves), 
while decaying at a much lower rate along the surface [88]. Rayleigh wave propagation 
characteristics depend on the geometry and mechanical properties of the medium. The wave 
characteristics change in the presence of defects or non-conformities. Therefore, applications 
of Rayleigh wave to detect surface and near-surface damage in concrete have been considered 
[89]. A numerical model was developed by Hevin et al. [90] to characterise concrete surface 
crack using Rayleigh wave. Edwards et al. [91] used low-frequency, wideband Rayleigh wave 
for gauging the depth of damage in concrete. Sun et al. [92] studied on health monitoring and 
damage detection in concrete structures using Rayleigh wave generated and received by PZT 
transducers. A study on the repair evaluation of concrete surface cracks was presented by 
Aggelis and Shiotani [93] using surface and through-transmission waves. Aggelis et al. [94] 
also deployed surface Rayleigh wave to characterise the depth of concrete surface cracks, 
which helped evaluate effectiveness of the repair. Metais et al. [95] studied on Rayleigh wave 
scattering in concrete using a global neighbourhood algorithm. Lee et al. [96] presented a 
method for estimation of concrete crack depth based on Rayleigh wave. Beside Rayleigh 
waves, some other types of guided waves have been studied in concrete structures. A numerical 
model was introduced by Godinho et al. [97] for a Shear horizontal (SH) wave-based crack 
detection in concrete structures. The authors applied two advanced numerical models to 
simulate, first, the progress of crack propagation and then, the propagation of waves in a 
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progressively damaged structure. It needs to be mentioned that the aforementioned studies 
focused on concrete structures only. 
2.2.10 Nonlinear Rayleigh waves 
Recently, the concept of ultrasonic nonlinearity has attracted growing attention from 
researchers because of its potentials of baseline-free damage identification and high sensitivity 
to early stage of defects [98, 99]. Upon interaction of guided waves with a contact-type defect, 
such as crack [100, 101] and delamination [102, 103], the compressive and tensile components 
of the signal close and open the contact-type defect, respectively. Therefore, the compressive 
component passes through the defect while the tensile component is reflected. This 
phenomenon is referred to as contact nonlinearity, which contributes to generation of higher 
harmonics with frequency at twice, three times or more of the excitation frequency.  
A number of studies have been carried out on nonlinear Rayleigh wave and generation of 
higher harmonics due to surface defects. Zhang et al. [104] studied the higher harmonic 
generation of Rayleigh waves due to surface scratches in glass. Kawashima et al. [105] 
investigated nonlinear Rayleigh waves due to surface cracks in aluminium using a numerical 
model and experimental measurements. Yuan et al. [106] presented a numerical model of 
simulating higher harmonics of Rayleigh waves generated by closed cracks. Besides, a number 
of studies have been performed on material nonlinearity in aluminium [107], titanium [108] 
and steel [109] using Rayleigh wave. 
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2.3 Conclusions and research gaps 
Having done a very thorough literature review, it is concluded that damage detection in FRP 
composites with the use of guided waves has been a frequent subject of research. Because of 
different combinations of wave modes, actuators and sensors, numerous approaches towards 
guided wave problem can be adopted. Meanwhile, the growing use of FRPs for repairing and 
strengthening concrete structures and susceptibility of FRP-retrofitted concrete structures to 
defects, all underscore the strong need for a reliable and precise SHM scheme in those 
structures. Considering the limitations of current NDE methods in FRP-retrofitted concrete 
structures, applications of Rayleigh wave have the potential for active and real-time 
monitoring of the FRP-retrofitted concrete structures using embedded actuating/sensing 
system.  
This research explores the applications of Rayleigh waves for damage identification in 
FRP-retrofitted concrete structures. Numerical models have been developed to simulate 
Rayleigh wave propagation. Scattering of Rayleigh wave at debonding at FRP/concrete 
interface has been characterised. A debonding localisation method has been developed using 
scattering of linear Rayleigh wave. Furthermore, higher harmonics generation of Rayleigh 
waves at debonding has been studied. Scattering characteristic of nonlinear Rayleigh waves 
have also been defined. Nonlinear Rayleigh waves have been used to identify debonding in 





3 Research Methodology 
3.1 Explicit numerical simulations 
In this research, numerical simulations were performed using dynamic/explicit module of 
ABAQUS version 6.14. In the context of structural dynamics, when the excitation source 
changes arbitrarily with time or when the system is nonlinear, the dynamic response can be 
obtained with numerical time-stepping methods. An appropriate numerical procedure needs to 
fulfil these requirements [110, 111]: 
• Convergence: the smaller the time step is, the closer the numerical results to the exact 
solution will be. 
• Stability: when numerical round-off errors occur, the numerical solution needs to remain 
stable. 
• Accuracy: numerical time-stepping methods should yield results that are close enough 
to the exact solution. 
Generally, when response at time i+1 is obtained from solving equilibrium equation only at 
time i without considering equilibrium condition at time i+1, the method is called explicit 
method. On the other hand, if response at time i+1 is obtained from solving equilibrium 
condition only at time i+1, the method is called implicit method [110].  
For the numerical method, ABAQUS/explicit was used in this research to solve the wave 
propagation and scattering problem. The explicit solution is well-suited for high speed, short 
duration dynamic problems including wave propagation. For these types of problems, the 
explicit procedure offers higher accuracy as well as lower computational cost compared to 
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implicit solution. The explicit dynamics procedure in ABAQUS is based on an explicit 
dynamic integration method along with the use of a lumped mass matrix as: 
?̈?𝑢𝑖𝑖 = 𝑀𝑀−1. (𝑃𝑃𝑖𝑖 − 𝐼𝐼𝑖𝑖) (24) 
where M is the lumped mass matrix, P is the external load vector and I is the internal load 
vector. It should be noted that explicit procedure does not require any iterations and tangent 
stiffness matrix. The explicit solution in ABAQUS is based on central difference method.  For 







where Tn is the natural period. The time increment in numerical calculations is usually much 
smaller than this value. For guided wave propagation, the stability limit is often approximated 







where Lmin is the smallest mesh dimension and cL is the dilatational wave speed. In numerical 
simulations, the stable time increment is automatically chosen by ABAQUS, which is between 
1 to  1
√3
  of the time increment in Equation 26. 
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3.2 Analytical solution 
Results of numerical simulations have been analytically verified using DISPERSE. It is a 
computer program developed by non-destructive testing laboratory of Imperial College 
London. DISPERSE is aimed at obtaining dispersion curves and helping users get a better 
understanding of guided wave propagation and develop more efficient non-destructive 
evaluation methods [112]. DISPERSE version 2.0.16d is able to model and acquire dispersion 
curves of different geometrical and material properties including Cartesian or cylindrical 
geometries, single or multiple layers, free or leaky systems, elastic or viscoelastic isotropic 
materials and anisotropic materials in non-leaky Cartesian geometries. 
The global matrix method is employed in DISPERSE. In this method, the propagation of 
waves in each layer can be described and related to displacements and stresses at any location 
in the layer through a field matrix. The field matrix coefficients depend on through-thickness 
position in the layer and mechanical properties of the layer material. The assembly of field 
matrices forms the global matrix. The whole system is modelled by superposition of wave 
components and the imposition of boundary conditions at the interface of each two adjacent 
layers [113]. It should be noted that the global matrix method is based on continuity of stresses 
and displacements at interfaces of layers. Therefore, numerical results of a damage-free model 
(without debonding at FRP/concrete interface) can be verified by DISPERSE. For the models 




3.3 Preparation of FRP-retrofitted concrete experimental specimens 
In this research, Rayleigh wave propagation in FRP-retrofitted concrete structures and wave 
scattering at debonding are simulated by FE method. To validate FE simulation results, 
experimental measurements have been carried out. For this purpose, four concrete blocks with 
the Young's modulus of 26.8GPa, density of 2350kg/m3 and a maximum aggregate size of 
10mm were cast as shown in Figures 3-1b and 3-1c. The dimensions of the concrete blocks 
were 300mm×600mm×300mm (W×L×H). Concrete specimen 1 had no steel bars. Concrete 
specimens 2, 3 and 4 had four 16mm diameter rebars at four corners of the cross section, with 
6cm of concrete cover as schematically shown in Figure 3-1a. 
In each specimen, the FRP composite consisted of four unidirectional carbon fibre layers 
with dimensions of 300mm×600mm and the stacking sequence is [0]4. The BASF MasterBrace 
4500 epoxy resin was applied to saturate each carbon fabric layer. The hand lay-up method 
was used to sequentially bond saturated fibre layers on the concrete blocks as shown in Figures 
3-1d to 3-1f. The constructed 4-ply FRP-bonded concrete was then left at room temperature to 
cure and harden. Concrete specimens 1 and 2 had no debonding at FRP/concrete interface. The 
debonding in concrete specimens 3 and 4 was created by inserting Mylar sheet on the surface 
of concrete before bonding the first layer of fabric. Considering Cartesian coordinates shown 
in Figure 3-1a, the debonding in concrete specimen 3 was 60mm×60mm with the debonding 
centre located at x = 300mm and z = 150mm and debonding edges parallel to x and y axis. In 
concrete specimen 4, the debonding was located between x = 280mm and x = 320mm, and 

























Figure 3-1. a. Schematic of FRP-retrofitted concrete with rebars ; b. formwork preparation; c. concrete 
pour; d. preparation of carbon fabric and epoxy resin; e. saturating carbon fabric with epoxy resin; and 






In all experimental measurements, Rayleigh wave signals were actuated by PZT transducers 
bonded on FRP surface. However, various equipment setups were used based on the conditions 
and requirements of the signal measurements. Details of the experimental setup have been 





4 Scattering of linear Rayleigh wave 
When Rayleigh wave interacts with debonding between FRP and concrete, it is scattered. This 
chapter investigates the capability of linear Rayleigh wave for debonding detection in FRP-
retrofitted concrete structures through studying wave scattering phenomena at debonding 
between FRP and concrete. A 3D FE model is presented to simulate Rayleigh wave propagation 
and scattering at the debonding. Numerical simulations of Rayleigh wave propagation are 
validated with analytical solutions. Absorbing layers are employed in the FRP-retrofitted 
concrete numerical model to maximise computational efficiency in the scattering study. 
Experimental measurements are also carried out using a 3D laser Doppler vibrometer to validate 
the 3D FE model. Very good agreement is observed between the numerical and experimental 
results. The experimentally and analytically validated FE model is then used in numerical case 
studies to investigate the wave scattering characteristic at the debonding. This chapter 
investigates the directivity patterns of scattered linear Rayleigh waves, in both backward and 
forward directions, with respect to different debonding size-to-wavelength ratios. This chapter; 
besides; investigates the suitability of using bonded mass to simulate debonding between FRP 
and concrete. By providing physical insight into Rayleigh wave scattering at the debonding at 
FRP/concrete interface, further advance of Rayleigh wave-based damage detection in FRP-
retrofitted concrete structures can be achieved. 
4.1 Finite element model description 
In this chapter, the 3D FE model of the FRP-retrofitted concrete structure is consisted of three 
parts: 1) FRP, 2) concrete, and 3) the absorbing region. This section describes the FRP and 
concrete modelling. The dimensions of the FRP used in this section are 300mm×600mm 
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(W×L), and it is attached to the surface of a 300mm×600mm×300mm (W×L×H) concrete 
block. The 4-ply FRP composite has stacking sequence of [0]4. Each lamina is 0.5mm thick. 
The elastic properties of each lamina are given in Table 4-1. A mesh converge study was carried 
out to determine the optimal mesh size. In this section, the FRP is modelled using 2mm×2mm, 
4-noded, S4R shell elements with reduced integration. The concrete block is modelled using 
2mm×2mm×2mm, 8-noded, C3D8R solid elements with reduced integration. In this study, the 
body of the steel rebars and PZT transducer are also modelled using the C3D8R elements. The 
Young’s modulus, density and Poisson's ratio of the PZT transducer is 58.8 GPa, 7700 kg/m3 
and 0.39, respectively. Tie constraint is used to bond the FRP shell elements and the solid 
concrete elements. The debonding is created by untying the FRP shell from the concrete solid 
elements at the debonding area. A schematic diagram of the FE model used in this chapter is 
shown in Figure 4-1. 
 
Table 4-1. Elastic properties of each FRP lamina 
E11 (GPa) E22 (GPa) E33 (GPa) G12 (GPa) G13 (GPa) G23 (GPa) 
78.86 5.97 5.97 2.15 2.15 2.13 
 ν12 ν13 ν23 ρ (kg/m3)  
 0.336 0.336 0.40 1348  
 
Based on the literature, a minimum of ten nodes should exist per wavelength to ensure the 
accuracy of the FE simulated wave signals [101, 114]. In the Section 4.4, the wave velocities 
from 60kHz to 85kHz are validated with the analytical results. After that, 65kHz excitation 
frequency is considered for the rest of the chapter. For the excitation frequency ranges from 
60kHz to 85kHz, the wavelength is between 24mm and 36mm. Therefore, a mesh size of 2 mm 
is small enough to ensure the accuracy of simulated Rayleigh wave signals in this frequency 
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range. The Rayleigh wave is generated by applying nodal displacements in radial direction on 
the nodes located at the circumference of the PZT transducer top surface. The time step is 
automatically controlled by ABAQUS. 
 
Figure 4-1. Schematic diagram of the FRP-retrofitted concrete FE model 
To calculate the group and phase velocities, the out-of-plane nodal displacements are 
captured at measurement points on the FRP composite. It should be noted that out-of-plane 
displacement is dominant in Rayleigh wave propagation; therefore, calculations are based on 
out-of-plane displacements. Group and phase velocity of Rayleigh wave, denoted by Cg and Cp 
respectively, can be calculated from Equations 7 and 8 in Section 2.1.1. The arrival time of a 
signal is calculated from a signal envelope obtained by the Hilbert transform. 
Figure 4-2 shows snapshots of the out-of-plane displacement contours for the Rayleigh wave 
propagation and scattering waves at the debonding in the FRP-retrofitted concrete structure. 
Figure 4-2a displays the propagation of the Rayleigh wave in the FRP-retrofitted concrete 
model before they reached the debonding at the FRP/concrete interface. After the interaction of 
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the incident wave with the debonding, the incident wave is transmitted through and reflected 
back from the debonding as shown in Figure 4-2b. Figure 4-2 demonstrates that the Rayleigh 
wave is sensitive to the debonding between the FRP and concrete. Therefore, it is feasible to 
detect the debonding using Rayleigh wave. This highlights the major importance of 
investigating characteristics of the scattered Rayleigh wave at debonding at the FRP/concrete 
interface. 
 
Figure 4-2. Typical contour snapshots of out-of-plane displacement for numerical FRP-retrofitted 
concrete model with a circular debonding at FRP/concrete interface a. before Rayleigh wave reach 
debonding; and b. after interaction of Rayleigh wave with debonding. 
4.2 Absorbing regions to improve the computational efficiency in scattering 
analysis 
As discussed in Section 4.1, the FE element size was set to 2mm, based on the wavelength of 
the excited Rayleigh wave. However, the numerical study of the scattered wave characteristics 
needs to be carried out in an FRP-retrofitted concrete model that is representative of real 
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conditions, i.e. large size of a structure. Modelling the actual size of a structure results in a large 
number of FE elements, which is computationally very expensive. Since the wave propagation 
is a local phenomenon and the purpose of the study is to examine the characteristics of the wave 
scattered at the debonding, only a section of the FRP-retrofitted concrete model is modelled in 
the study. Absorbing regions were employed to avoid the reflected wave from the boundaries 
of the FRP-retrofitted concrete model, and hence, a small section of the FE model can be used 
to represent a large structure. Therefore, the computational cost can be significantly reduced for 
investigating the scattering characteristics of the Rayleigh wave at debonding in the FRP-
retrofitted concrete structure. 
Absorbing layers by increasing damping (ALID) is proposed and implemented in 
commercial FE software for guided wave problems [39]. In this method, successive layers with 
gradually increasing values of damping are added to the extremities of a main structure. 
According to Rayleigh damping relation, damping can be expressed as a linear combination of 
mass and stiffness as: 
[𝐶𝐶] = 𝛼𝛼[𝑀𝑀] + 𝛽𝛽[𝐾𝐾] (27) 
where α and β denote mass-proportional and stiffness-proportional damping coefficients, 
respectively. To employ the ALID in explicit FE simulation, stiffness-proportional damping is 
to be set to zero in order to limit the effects on stable time increment. Then, mass-proportional 
damping across absorbing layers can be expressed as [38]: 




Figure 4-3. Schematic diagram of absorbing regions for wave scattering studies 
To implement the absorbing layers in the FRP-retrofitted concrete structure, the ALID was 
separately applied to the FRP shell element and the concrete solid element models, respectively. 
For the purpose of the present scattering study, the target of the ALID is to reduce the maximum 
magnitude of the waves reflected from the boundaries to less than -46 dB. The excitation 
frequency used in the scattering study was 65kHz. At this frequency, the width of the absorbing 
region was determined to be 80mm. The absorbing regions were applied to all four sides of the 
FRP and concrete and also concrete bottom. Each of the absorbing regions had 40 layers of 
elements with gradually increasing values of damping. The thickness of each layer was 2mm, 
which was equal to the element size. Using Equation 28, P was set to 3 and αmax was 2.5×106. 
A schematic diagram of the ALID in FRP-retrofitted concrete model is shown in Figure 4-3. 
Figures 4-4a to 4-4d show the Rayleigh wave propagation on the FRP-retrofitted concrete 
with and without absorbing layers. Figure 4-4a and 4-4b show the typical out-of-plane 
displacement contours for the FE model without absorbing layers. In these figures, both incident 
wave and boundary reflections are obvious. Figures 4-4c and 4-4d display the out-of-plane 
displacements in the FE model with absorbing region and they show that Rayleigh wave 












Model with absorbing layers 
Figure 4-4. Typical contour snapshots of out-of-plane displacement for Rayleigh wave in FRP-retrofitted 
concrete model without and with absorbing layers a. when the incident wave interacts with the boundary; 
b. soon after the wave reflection; c. when the incident wave is being absorbed by the absorbing region; 
and d. soon after the wave absorption. 
4.3 Attenuation of Rayleigh wave signals  
When the waves propagate in composites, the energy of the wave dissipates due to the 
viscoelasticity of the waveguide [13]. The attenuation coefficient ki can be defined by fitting 






= exp (k𝑖𝑖(𝑥𝑥2 − 𝑥𝑥1)) (29) 
where A1 and A2 are the wave amplitude at locations x1 and x2 respectively. Based on the value 
of ki, the mass-proportional and stiffness-proportional damping constants for a particular 
angular frequency could be calculated as: 






where αω, βω, Cg and ω represent the mass-proportional damping constant, the stiffness-
proportional damping constant, the group velocity and the angular frequency, respectively. 
4.4 Analytical validation of numerical model 
As explained in Section 3.2, DISPERSE program has been used to analytically validate 
numerical results. One of the main characteristics of Rayleigh wave is signal velocity. 
Numerical values of group and phase velocity were obtained from FE simulation results. Figure 
4-5 compares the group and phase velocities of the FRP-retrofitted concrete structure calculated 
using FE simulations and DISPERSE. As shown, the group and phase velocities calculated 




Figure 4-5. Numerical and analytical values of group and phase velocity 
To further validate the FE results, the in-plane and out-of-plane displacement mode shapes 
of Rayleigh wave at the frequency of 65kHz are compared and verified with DISPERSE. The 
results are shown in Figure 4-6. The mode shapes indicate the deformation along the thickness 
direction during the Rayleigh wave propagation in the FRP-retrofitted concrete. The Rayleigh 
wave mode shapes shown in Figure 4-6 were obtained by capturing both in-plane and out-of-
plane displacements at vertical measurement points along a cross-section of the FRP-retrofitted 
concrete. As expected, the deformation of the Rayleigh wave is concentrated on the surface of 
the waveguide, which is consistent with the nature of the Rayleigh wave, i.e. wave travel along 
the surface of the solids. Figures 4-5 and 4-6 show that there is good agreement between the 
results calculated by FE and DISPERSE. 




















Figure 4-6. Analytical and numerical mode shapes for FRP-retrofitted concrete model 
4.5 Experimental validation  
4.5.1 Equipment setup 
The Rayleigh wave were generated and measured using a PZT transducer and a Polytec PSV-
400-3D laser Doppler vibrometer, respectively. The laser Doppler vibrometer system includes 
a data management system, three sensor heads and vibrometer controllers, and a junction box 
as schematically shown in Figure 4-7. The data management system PSV-W-400 incorporates 
a computer, a built-in signal generator, and a data acquisition unit. The excitation signal was a 
narrow-band 5-cycle sinusoidal tone burst pulse modulated by a Hanning window. The central 
frequency of the excitation signal was 65kHz, which ensures minimum reflections from the 
concrete aggregates [116]. The signal was generated at 4.3V, which was amplified four times 
by a Playmaster SERVO amplifier before being sent to the actuator. The actuator was a 10mm 
diameter circular and 2mm thick PZT transducer bonded on the FRP surface. The Rayleigh 
wave signals were sensed by three PSV-I-400 sensor heads controlled by the OFV-5000 
vibrometer controllers. The interface between the sensor heads, vibrometer controllers, and data 

























management system was provided by a PSV-E-400 junction box. The sampling frequency of 
the measurement system was set to 2.5MHz. To improve the signal quality and reduce the 
signal-to-noise ratio (SNR), an averaging of 2000 times of the signals was carried out. The 
acquired data was fed into the computer, from which output results were obtained. 
 
Figure 4-7. Schematic diagram of the experimental setup using 3D laser 
4.5.2 Validation of Rayleigh wave propagation  
To experimentally validate the accuracy of the FE model, the 3D laser Doppler vibrometer was 
used to measure the Rayleigh wave signals. The measured data was then compared with the FE 
simulation results. To ensure the numerical and experimental results can be compared directly, 
the maximum absolute amplitude of signals was normalised to be one. In this chapter, the FRP-
retrofitted concrete was modelled in FE with real dimensions; i.e. four layers of 
300mm×600mm FRP bonded on 300mm×600mm×300mm concrete. Since the arrival time and 
magnitude of the boundary reflections needed to be verified with experiments, absorbing layers 




Figure 4-8. FE calculated and experimentally measured Rayleigh wave signals for concrete specimen 1 
(without rebar) 
Concrete Specimen 1, which has no rebar and no debonding at the FRP/RC interface, is used 
to verify the Rayleigh wave propagation. Based on the Cartesian coordinate system shown in 
Figure 4-1, Rayleigh wave was actuated at x = 516mm and z = 190mm. The out-of-plane 
displacements were measured at x = 376mm and z = 190mm. As shown in Figure 4-8, there is 
good agreement between the FE calculated and experimentally measured results. 
Reinforcement in concrete is usually in the form of steel bars; therefore, the FE model with 
rebar needs to be experimentally verified. As explained in Section 3.3, the concrete specimen 
2 has longitudinal steel bars. The dimensions of the numerical model and the experimental 
specimen are the same, and absorbing layers were not applied to the FE model. There was no 
debonding in the FRP-retrofitted concrete structure. The Rayleigh wave was generated at x = 
170mm and z = 120mm. The out-of-plane displacements were sensed at x = 120mm and z = 
120mm using the 3D laser Doppler vibrometer. A very good agreement on the arrival time and 
magnitude is observed between the numerically simulated and experimentally measured signals 
as shown in Figure 4-9. 






























Figure 4-9. FE calculated and experimentally measured Rayleigh wave signals for concrete specimen 2 
(with rebar) 
A polar directivity plot of the maximum absolute amplitude of the incident wave is shown 
in Figure 4-10. The out-of-plane displacements were sensed at 36 points, with a circular path 
of r = 50mm, 0° ≤ θ ≤ 360°, and step increments of 10°. The PZT transducer was located at the 
centre of the circular path. Figure 4-10 shows the amplitude of the excited Rayleigh wave in 
different propagation directions. Since the concrete is retrofitted by 4-ply unidirectional FRP 
on the surface, the amplitude distribution of the Rayleigh wave has anisotropic behaviour. To 
compare the numerical with experimental results, the amplitude at each point is normalised to 
the maximum absolute amplitude of all points. As shown in Figure 4-10, there is good 
agreement between the numerical and the experimental results. Figure 4-11 shows the setup of 
experimental measurements using 3D laser Doppler vibrometer. 






























Figure 4-10. Polar directivity of the normalised amplitude of Rayleigh incident wave measured on a 
circular path with r = 50mm, 0° ≤ θ ≤ 360° and the actuator located at the centre. 
To investigate the attenuation of Rayleigh wave in FRP-retrofitted concrete, the out-of-plane 
displacements were measured at 20mm ≤ r ≤ 160mm away from the PZT transducer, along the 
direction θ = 0°. Because of the possible non-uniformity of the FRP-retrofitted concrete 
specimen, four different locations of the PZT transducer were considered. The wave signal at 
each measurement point was normalised by the maximum absolute amplitude of the signal at r 
= 20mm, so that the numerical and experimental results could be compared. Figure 4-12 shows 
the normalised maximum amplitude of the incident wave signals as a function of the distance 
from the PZT transducer. Using Equation 29, the attenuation coefficient for this FRP-retrofitted 
concrete structure is ki =2.87Np/m. Considering Equations 30 and 31, the calculated damping 

























Figure 4-11. Experimental measurements using 3D laser Doppler vibrometer 
 
 
Figure 4-12. Attenuation of Rayleigh waves in FRP-retrofitted concrete. 
 
 

































4.5.3 Rayleigh wave scattering at bonded mass 
To further validate the 3D FE model, experimental measurements are also used to validate the 
Rayleigh wave scattering phenomenon. In this section, the accuracy of the 3D FE model in 
predicting the scattering waves are investigated by means of the scattering directivity pattern 
(SDP) [117], which displays the maximum amplitude of the scattered signal as a function of 
the angular direction of the measurement points. To obtain the scattered wave signals for 
calculating the SDP, it requires the baseline data obtained from undamaged structures for 
extracting the scattered wave signals. Although this is practical in real SHM applications, it is 
hard to obtain the baseline data for delamination/debonding type of damage in the wave 
scattering study. Therefore, the bonded mass is used to verify the accuracy of the 3D FE in 
predicting the SDP. In addition, the damage has been frequently simulated bonding masses to 
surface of the structures for verification of damage detection method [43, 118]. It is still an open 
question whether or not the debonding can be well represented by bonding masses to the surface 
of the retrofitted concrete structure. The suitability of using bonded mass to represent the 
debonding is also investigated. 
Based on the polar coordinate system shown in Figure 4-1, the PZT transducer was located 
at r = 110mm and  θ = 180°. The out-of-plane displacements were sensed by the 3D laser 
Doppler vibrometer at 36 points on a circular path with r = 50mm, 0° ≤ θ ≤ 360° and step 
increments of 10°. The measurements were obtained before and after a 40mm cubic steel mass 
bonding onto the FRP with the centre of the mass area located at r = 0mm and mass edges 
parallel to the x or y axis. The measured signal at each point was normalised by the maximum 
absolute amplitude of the signal at θ = 180° in the model without the bonded mass. After that, 
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the scattered waves were obtained by subtracting the signals without the bonded mass from the 
signals with the bonded mass. The magnitudes of the scattered waves at different directions are 
then calculated and represented by the SDP. In the FE simulations, the same measurement 
location and excitation frequency are used. The bonded mass was modelled in FE simulation 
using C3D8R solid elements with the same dimensions and mechanical properties as the bonded 
mass used in the experiments. Two simulations, one with bonded mass and the other without 
the bonded mass, were carried out to obtain the scattered wave signals for calculating the SDP.  
 
Figure 4-13. Normalised polar directivity pattern for the measured signal, with and without cubic 
40mm bonded mass. 
Figure 4-13 compares the FE simulated with experimentally measured signals before and 
after bonding the mass on the FRP. The numerical results match quite well with the 
experimental results. As shown in Figure 4-13, the bonded mass has the maximum effect on the 
measured signal, from angle θ = 60° to θ = 300° (clockwise) with a reduction of up to 50% in 
wave magnitude. The scattered signal at each measurement point is the difference between the 



















FE- no bonded mass
FE- with bonded mass 
Experiment- no bonded mass








4-14 shows the Rayleigh wave SDP for the 40mm cubic bonded mass. The figure shows 
amplitude of the scattered wave in different directions, which indicates the energy distribution 
of the scattered wave signals. There is good agreement between the FE results and the 
experimental measurements. The results show that the maximum magnitude of scattering waves 
is around 0.35 and 0.20 for forward and backward scattering direction, respectively. As shown 
in Figure 4-14, the scattered wave energy concentrates in the forward scattering direction. 
 
Figure 4-14. SDP for a cubic 40mm bonded mass. 
4.6 Scattering of Rayleigh wave at debonding at FRP/concrete interface 
Experimental verifications of the numerical models have been presented in Section 4.5. It has 
been demonstrated that the 3D FE model can precisely simulate the propagation of Rayleigh 
wave in FRP-retrofitted concrete structures and scattering of wave at the bonded mass. Also, 
group and phase velocity and mode shapes of Rayleigh wave have been analytically verified in 
Section 4.4. The experimentally and analytically validated 3D FE model is then used to study 




























4.6.1 Effect of rebars 
To investigate the effects of embedded steel rebars on Rayleigh wave propagation, two FRP-
retrofitted concrete models are considered: one with rebars, and the other without rebars. The 
Rayleigh wave was generated at x = 170mm and z = 120mm. The out-of-plane displacements 
were measured at x = 120mm and z = 120mm. In the model with rebars, reflections can come 
from both rebars and boundaries. As explained in Section 4.2, absorbing layers were applied to 
all boundaries of both models to remove all boundary reflections. Therefore, only the incident 
waves and the rebar reflections can be seen in the signals. As illustrated in Figure 4-15, the 
rebars have a minor effect on the incident waves, and only cause some reflections of body 
waves. It means that in Figure 4-9, the first reflected signal coming after the incident wave is a 
combination of the rebar reflections and boundary reflections. The rebar reflections exist in the 
signals of both intact model and the model with the debonding. Since the baseline subtraction 
method [119, 120] is applied to obtain scattered wave signals from the debonding, the rebar 
reflections have a minimal effect on the scattered waves. 
 
Figure 4-15. Effect of rebars on Rayleigh wave propagation. 
 





























4.6.2 Effect of debonding size and shape 
According to the polar coordinate system shown in Figure 4-1, Rayleigh wave is actuated at r 
= 110mm and θ = 180o. For each debonding case, two sets of FE simulations were performed, 
one without debonding and the other with debonding. The scattered signal was obtained by 
subtracting the signals of the model without the debonding from the model with the debonding 
[121]. Absorbing layers were applied in all FE models. Two different shapes of debonding, 
rectangular and circular debonding, are considered in this study. To examine effects of the 
debonding size on the scattering wave, results are presented in terms of RDW. For rectangular 
and circular debonding, RDW is defined as the ratio of the debonding size to wavelength, and the 
debonding diameter to wavelength, respectively. The wavelength of Rayleigh wave at the 
frequency of 65kHz is around 32mm. Rectangular debondings with sizes and circular 
debondings with diameters of 10, 16, 20, 24, 30, 36, 40, 44, 50, 56 and 60mm are considered 
in this section. 
For all rectangular debonding cases considered in this study, the centre of the debonding 
area is located at r = 0mm and debonding edges are parallel to the x- or y-axis. The out-of-plane 
displacements are measured at 36 points, at r = 50mm, 0° ≤ θ ≤ 360° at intervals of 10°. The 
signal at each measurement point is normalised by the maximum absolute amplitude of the 
incident wave at r = 50mm and θ = 180°. Figure 4-16 displays the SDP for 40mm×40mm 
rectangular and 40mm diameter circular debonding. It has been shown that the amplitude of the 
forward scattering direction is larger than that of the backward scattering direction. The 
amplitude distribution of the forward scattering waves is quite similar for both rectangular and 
circular debonding. The maximum amplitude of the forward scattering wave occurs at θ = 0° 
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with magnitudes of 0.298 and 0.272 for rectangular and circular debonding, respectively. The 
maximum amplitude of the backward scattering occurs at θ = 180°, with magnitudes of 0.091 
and 0.046 for rectangular and circular debonding, respectively.  
 
Figure 4-16. SDP for 40mm×40mm rectangular debonding and 40mm diameter circular debonding. 
To demonstrate the effects of debonding size and shape on the scattering phenomenon, the 
normalised forward and backward scattering amplitude of rectangular and circular debondings 
are displayed as a function of RDW in Figures 4-17 to 4-20. The forward scattering results are 
presented in Figures 4-17 and 4-18 at θ = 90°, 60°, 30°, 0°, 330°, 300° and 270°. The backward 
scattering results are presented in Figures 4-19 and 4-20 at θ = 90°, 120°, 150°, 180°, 210°, 
























Figure 4-17. Normalised amplitude for the forward scattering of rectangular debonding as a function of 
debonding size to wavelength ratio. 
Figure 4-17 displays the normalised amplitude of the forward scattering wave for rectangular 
debonding as a function of debonding size to wavelength ratio. At θ = 0°, the scattering 
amplitude rises quite sharply to 0.298 at RDW = 1.25 and then falls slightly to 0.280 at RDW = 
1.563. After that, it increases sharply again to 0.397. For θ = 30° and 330°, the amplitude 
increases steadily to 0.263 with a small decrease at RDW = 0.50. The magnitudes of the scattering 
amplitude at θ = 60° and 300°, and θ = 90° and 270° exhibit moderate fluctuations with RDW.  
Figure 4-18 shows the normalised amplitude of the forward scattering of circular debonding 
as a function of the debonding diameter to wavelength ratio. The amplitude at θ = 0° increases 
constantly to a peak of 0.360. The rise in amplitude is sharper for RDW ≤ 1.375. For θ = 30° and 
330°, the amplitude rises steadily to 0.193 except for a small decline at RDW = 0.50. The forward 
scattering amplitudes at θ = 60° and 300°, and θ = 90° and 270° show a similar trend to those 
of the rectangular debonding. For both rectangular and circular debondings, the forward 





























those at θ = 0°, θ = 30° and 330° especially for larger values of RDW. Therefore, selecting an 
appropriate measurement direction is critical in the damage detection.  
 
Figure 4-18. Normalised amplitude for the forward scattering of circular debonding as a function of 
debonding diameter to wavelength ratio. 
The normalised amplitude for backward scattering of rectangular debonding as a function of 
debonding size to wavelength ratio is shown in Figure 4-19. It is obvious that the overall trend 
of the backward scattering is quite different to that of the forward scattering. For θ = 180°, 
which is along the incident wave direction, the backward scattering amplitude first rises to a 
local peak and then drops at RDW = 0.625. The amplitude then increases steeply to a peak of 
0.092 at RDW = 1.25, and decreases sharply to 0.056. After this point, it increases gradually to 
0.070. The trend at θ = 150° and 210° is of a slow increase with moderate fluctuations. The 






























Figure 4-19. Normalised amplitude for the backward scattering of rectangular debonding as a function 
of debonding size to wavelength ratio. 
Figure 4-20 shows the normalised amplitude of the backward scattering for circular 
debonding as a function of debonding diameter to wavelength ratio. For θ = 180°, the amplitude 
rises dramatically and then falls sharply at RDW = 0.5. The amplitude then has an increasing 
trend with fluctuations. The amplitude at θ = 150° and 210° starts with a rapid increase and a 
sharp decline at RDW = 0.5. Then, an increasing trend is observed and it reaches a peak at RDW 
= 1.75. For θ = 120° and 240°, the amplitude shows a gradual decrease for RDW less than 0.938 
and then they have moderate fluctuations. In general, the magnitudes of the backward scattering 
































Figure 4-20. Normalised amplitude for the backward scattering of circular debonding as a function of 
debonding diameter to wavelength ratio. 
For both rectangular and circular debondings, a major, increasing trend is obvious for the 
forward scattering amplitude at the same direction of the incident wave (θ = 0°) and also at θ = 
30° and 330°. The trend for the backward scattering is complicated and shows some 
fluctuations. It is shown that Rayleigh wave are sensitive to the debonding between FRP and 




































5 Scattering of nonlinear Rayleigh wave 
This chapter investigates higher harmonic generation of Rayleigh waves in FRP-retrofitted 
concrete structures due to debonding between FRP and concrete. As discussed in Section 
2.2.10, the use of ultrasonic nonlinearity for damage detection and monitoring of structures has 
attracted growing attention. Interaction of guided waves with contact-type damage, such as 
debonding, is one of the major sources of ultrasonic nonlinearity. In this chapter, propagation 
and scattering of Rayleigh wave are simulated using a 3D FE model. The numerical simulations 
of both linear and nonlinear Rayleigh wave are validated with experimentally measured data. 
There is very good agreement between numerical and experimental results. This chapter also 
investigates the scattering directivity patterns of second and third harmonics of Rayleigh wave. 
The results provide physical insights into nonlinear Rayleigh wave generated by debonding 
between FRP and concrete. 
5.1 Numerical model 
The explicit module of ABAQUS version 6.14 was used to simulate the actuation and 
propagation of Rayleigh waves in FRP-retrofitted concrete structures. The dimensions of the 4-
ply FRP composite are 300mm×400mm (W×L) and the thickness of each ply is 0.5 mm. The 
stacking sequence of the FRP composite is [0]4. The elastic properties of each lamina are shown 
in Table 4-1. The FRP was meshed using 1mm×1mm S4 shell elements. The dimensions of the 
concrete block are 300mm×400mm×150mm (W×L×H). The concrete was meshed using 
1mm×1mm×1mm C3D8 solid elements. This element size ensures the accuracy of the 
numerical simulations for the linear and nonlinear Rayleigh wave. The FRP and concrete are 
connected by tie constraint. The debonding was created by removing the tie constraint over 
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debonding area. A surface-to-surface frictionless hard contact was used to simulate clapping 
effect at the debonding. Figure 4-1 in Section 4.1 shows the schematic diagram of the FE model. 
The Rayleigh wave was actuated by applying radial displacements on nodes located on the 
circumference of the upper surface of a 2 mm thick and 10 mm diameter circular PZT 
transducer. Mechanical properties of PZT transducer are the same as mentioned in Section 4.1. 
The PZT transducer was meshed using C3D8 solid elements in the FE model. The excitation 
signal is a 15-cycle tone burst modulated by a Hanning window. The central excitation 
frequency for both numerical simulations and experimental measurements is 95 kHz. Since the 
out-of-plane motion is dominant in the Rayleigh wave propagation, the wave signals were 
measured based on out-of-plane nodal displacements at measurement points on FRP composite. 
5.2 Validation of numerical model 
5.2.1 Analytical verification 
Similar to Section 4.4, DISPERSE has been used for analytical validation of the FE model. This 
solution employs the global matrix method, which is based on consistency of displacements 
and stresses at interfaces of layers. Therefore, propagation of Rayleigh wave in the FRP-
retrofitted concrete model without debonding can be theoretically validated. In this section, the 
phase velocity of Rayleigh wave in FRP-retrofitted concrete model is obtained by DISPERSE 
and compared with the FE results as shown in Figure 5-1. There is good agreement between 




Figure 5-1. Numerical and analytical results of the Rayleigh wave phase velocity 
5.2.2 Equipment setup  
The concrete specimen 3 was used for experimental verification in this chapter. A 2mm thick 
and 10 mm diameter circular PZT transducer was used to actuate Rayleigh wave. The PZT 
transducer is made of Ferroperm Pz27, which has the same mechanical properties described in 
Section 4.1. The actuator was bonded to the FRP surface at x = 200mm and z = 150mm. The 
excitation signal is a 15-cycle tone burst modulated by a Hanning window wave, which is the 
same as the excitation signal used in the FE simulation. The excitation signal was generated by 
a Tektronix AFG 3021B arbitrary function generator. The amplitude of the generated signal 
was 10V (peak-to-peak), which was then amplified five times by a KROHN-HITE 7500 
amplifier. The Rayleigh wave signals were measured using Polytec PSV-400 1D laser Doppler 
vibrometer system. The laser head controlled by vibrometer controller captured the out-of-plane 
displacements. The data was recorded by a data acquisition unit and fed into the PC. The 
sampling frequency of the measurement was set to 10.24 MHz. A bandpass filter of frequency 
band 10kHz-600kHz was applied to the measured signals. Considering the excitation frequency 



















of 95 kHz, the frequency band of the bandpass is wide enough to capture the higher harmonics. 
In order to increase the signal-to-noise ratio, an averaging of 5000 times was applied to the 
measured signals. A schematic diagram of the experimental setup is shown in Figure 5-2. 
 
Figure 5-2. Schematic diagram of experimental setup 
5.2.3 Higher harmonics generation due to contact nonlinearity at debonding 
The results of the FE model need to be verified by experimental measurements. However, if the 
FE model with the element size of 1 mm has the same dimensions as the test specimen, the 
required computational cost will be extremely high. Therefore, a 300mm×400mm FRP bonded 
to 300mm×400mm×150mm concrete was used as the FE model in the experimental 
verification. For the numerical model in this section, the debonding is 40mm×300mm with left 
and right end at x = 180mm and x = 220mm, respectively, and across the whole width of the 
concrete block. Based on the cylindrical coordinate shown in Figure 4-1, the actuator is located 
at r = 100mm and θ = 180° away from the debonding centre. For both FE simulation and 
experiment, the measurement point is at r = 50mm and θ = 0° away from the debonding centre. 
Figure 5-3 compares the FE simulated with experimentally measured Rayleigh wave signals in 




Figure 5-3. Experimental validation of FE simulated linear Rayleigh wave results 
To compare the generated higher harmonic due to the contact nonlinearity at the debonding 
of the numerical and experimental signals, the measured time-domain signals are transformed 
to frequency-domain using FFT. The measured time-domain signals contain incident wave and 
reflected wave from boundaries. Thus, the scattered wave from the debondings caused by the 
incident wave and wave reflected from boundaries can contribute to the generation of higher 
harmonics in the frequency-domain. As explained above, the FE model has the same width but 
smaller length than experimental specimen. Therefore, the reflected wave from the boundaries 
in FE simulation are different to the experiment. On the other hand, the location of the actuator 
and the measurement point with respect to the debonding is similar in the FE simulation and 
experiment. Considering the actuator/sensor arrangement, the FE model is large enough to 
separate incident waves reflected from boundaries; therefore, the higher harmonics induced by 
the incident wave do not mix with the boundary reflections. In this study, the signal obtained at 
the measurement point only contains incident wave and also the scattered signal from the 
debonding. Therefore, the higher harmonics can be compared between the numerically 
calculated and experimentally measured data.  
























In addition to the contact nonlinearity, higher harmonics in the measured Rayleigh wave 
signals can be caused by experimental instrument and also nonlinearity of materials. It has been 
shown that the instrument nonlinearity has a negligible effect on higher harmonics of the 
experimentally measured Rayleigh waves [122, 123]. Furthermore, it has been proved that 
contact nonlinearity has a dominant contribution to higher harmonic generation than material 
nonlinearity [124]. Therefore, it is assumed that the experimentally measured higher harmonics 
in this study are mainly due to contact nonlinearity at the debonding between the FRP and 
concrete interface. 
To investigate the higher harmonics, the measured signals were transformed from time-
domain to the frequency-domain using FFT. It should be noted that the FFT was only applied 
to the signal from t = 0 until t = 2.3×10-4 sec. This ensures the higher harmonics in the signals 
are only due to the incident wave interaction with the debonding. Within the time duration, the 
signal mainly contains incident wave and scattered wave from the debonding caused by the 
incident wave. Figure 5-4 shows the normalised FFT amplitude of numerically calculated and 
experimentally measured signals. Considering the excitation frequency of 95 kHz, the second 
harmonic and third harmonic frequency are 190 kHz and 285 kHz, respectively. As shown in 
Figure 5-4, there is good agreement between the numerical calculated and experimentally 




Figure 5-4. Experimental validation of FE simulated higher harmonics 
5.2.4 Accuracy of the element type in simulating higher harmonics 
The results of the FE model with S4 and C3D8 elements were proved to have good agreement 
with the experimental measurements. To investigate the accuracy of the reduced integration 
elements in the higher harmonic prediction, FE simulations were carried out using reduced 
integration elements with hourglass effect, i.e. S4R shell elements for the FRP and C3D8R solid 
elements for the concrete. Figure 5-5 compares the FFT results simulated by the FE model with 
full and reduced integration elements, and also the experimental results. As shown in Figure 5-
5, the FE results with the reduced integration elements have some discrepancies between the 
numerically calculated and experimentally measured second harmonic. Therefore, it is not 
preferred to use elements with reduced integration for simulating higher harmonics generation 
of Rayleigh wave. 



























Figure 5-5. Comparison between the FE simulations using reduced integration elements and full 
integration elements 
5.3 Directivity patterns of higher harmonics generated at debondings 
The experimentally and theoretically validated FE model is used in the parametric studies. 
Based on the cylindrical coordinate system shown in Figure 4-1, the Rayleigh wave is generated 
at r = 100mm and θ = 0°. Considering the Cartesian coordinate in Figure 4-1, the actuator is 
located at x = 100mm and z = 150mm. Rectangular debondings with sizes of 8, 14, 22, 30, 38 
and 44mm are considered in the case studies. In all debonding cases, the centre of the debonding 
is located at r = 0mm and the debonding edges are parallel to the x- and z-axis. To study the 
effect of the debonding size on the directivity pattern of the generated higher harmonics, the 
results are presented in terms of debonding size to wavelength ratio (RDW). The out-of-plane 
displacements are monitored at 36 points at r = 50mm and 0° ≤ θ ≤ 360° with intervals of 10°.  
To investigate the measured signals in time-frequency domain, energy density spectra of the 
signals are obtained using short-time Fourier transform (STFT). Figures 5-6a and 5-6b show 
the energy density spectrum of the signal for the case with debonding size of 38mm at θ = 30°, 
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and 22mm at θ = 330°, respectively. Second and third harmonics of the Rayleigh wave are 
visible in the energy density spectra.  
 
Figure 5-6. Energy density spectrum in time-frequency domain for a. debonding size of 38×38 mm and θ 
=30°; and b. debonding size of 22×22 mm and θ =330° 
For each debonding case, the amplitudes of the fundamental harmonic (f0), the second harmonic 
(2f0) and the third harmonic (3f0) are obtained from the energy density spectrum at the 
respective frequencies. The ratio of the second harmonic amplitude to the fundamental 
harmonic amplitude (A2/A1), and ratio of the third harmonic amplitude to the fundamental 
harmonic amplitude (A3/A1) are considered. These ratios for each debonding case are presented 
against θ in the form of directivity pattern. Figure 5-7 displays the directivity pattern of A2/A1 
for the case of debonding size 38mm×38mm. The maximum value of the A2/A1 ratio is around 
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0.08, which occurs at θ = 0°. As shown in Figure 5-7, the scattering energy is mainly 
concentrated in the forward scattering direction. The directivity pattern of A3/A1 for the case of 
debonding size 22mm×22mm is shown in Figure 5-8. As shown in Figure 5-8, the energy in 
the forward scattering direction is larger than that in the backward scattering direction. The 
maximum value of the A3/A1 is around 0.03 and occurs at θ = 30° and θ = 330°. 
 
Figure 5-7. Directivity pattern for second harmonic amplitude to fundamental harmonic amplitude ratio 
(A2/A1) in the model with debonding size 38mm × 38mm 
 
Figure 5-8. Directivity pattern for third harmonic amplitude to fundamental harmonic amplitude ratio 









































Figures 5-9 to 5-12 show the higher harmonic amplitudes of Rayleigh wave with respect to 
RDW at different directions. Figure 5-9 shows the A2/A1 ratio in the forward scattering direction 
as a function of RDW. At θ = 0°, the A2/A1 ratio starts with a rapid rise and a then a sharp drop 
until RDW =1. After that, it increases constantly to a peak of 0.0864 at RDW = 2. At θ = 30° and 
θ = 330°, the A2/A1 ratio first increases sharply to a peak of 0.0683 and then decreases steeply 
to 0.0343 at RDW = 1. It then shows some fluctuations with a decreasing trend. The A2/A1 ratio 
at θ = 60° and θ = 300° drops slowly until RDW = 1, and then exhibits moderate fluctuations. At 
θ = 90° and θ = 270°, the A2/A1 ratio rises gradually to 0.0480 until RDW =1, it then falls to 
0.0334 at RDW =1.36. After this point, it increases slowly to 0.0363 at RDW = 2. 
 
Figure 5-9. Second harmonic amplitude to fundamental harmonic amplitude ratio (A2/A1) in the forward 
scattering direction as a function of debonding size to wavelength ratio 
Figure 5-10 shows the A3/A1 ratio in the forward scattering direction as a function of RDW. 
At θ = 0°, the A3/A1 ratio begins with a sudden rise, next a sharp drop, and then a steep increase 
to a peak of 0.0420 at RDW = 1.36. Then, it decreases slowly to 0.0375 at RDW = 2. At θ = 30° 
and θ = 330°, the A3/A1 ratio first increases rapidly to 0.0335 and then falls gradually to 0.0229 
at RDW = 1.36. Then, it increases steadily to a peak of 0.0416 at RDW = 1.73. The A3/A1 ratio at 
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θ = 60°, θ = 300°, θ = 90° and θ = 270° is notably smaller than amplitude ratio at θ = 0°, θ = 
30° and θ = 330° while exhibiting moderate fluctuations. 
The A2/A1 ratio in the backward scattering direction as a function of RDW is shown in Figure 
5-11. The A2/A1 ratios at θ = 120°, θ = 240°, θ = 150°, θ = 210° and θ = 180° show slight 
fluctuations. As shown in Figure 5-11, the A2/A1 ratio at θ = 150°, θ = 210° and θ = 180° is 
slightly bigger than that at θ = 120° and θ = 240°. Figure 5-12 displays the A3/A1 ratio in the 
backward scattering direction as a function of RDW. At θ = 150°, θ = 210° and θ = 180°, it is 
obvious that the A3/A1 ratio in the backward scattering direction is markedly smaller than that 
of A2/A1 ratio and it fluctuates around 0.006-0.009. However, at θ = 120° and θ = 240°, the 
amplitude starts with small values and slight fluctuations until RDW = 1.36. After that, it 
increases steadily to a peak of 0.0024, and then falls steeply to 0.0062 at RDW = 2. 
 
Figure 5-10. Third harmonic amplitude to fundamental harmonic amplitude ratio (A3/A1) in the 
forward scattering direction as a function of debonding size to wavelength ratio 
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Figure 5-11. Second harmonic amplitude to fundamental harmonic amplitude ratio (A2/A1) in the 
backward scattering direction as a function of debonding size to wavelength ratio 
 
Figure 5-12. Third harmonic amplitude to fundamental harmonic amplitude ratio (A3/A1) in backward 
scattering direction as a function of debonding size to wavelength ratio 
The overall trends of the second harmonic and third harmonic of the Rayleigh wave in the 
forward and backward scattering direction are discussed for the cases of rectangular 
debondings. For smaller values of RDW, the A2/A1 ratio has larger values at θ = 30° and θ = 330° 
than θ = 0°. However, for RDW >1.36, the largest values of A2/A1 ratio are at θ = 0°. The 
maximum values of A3/A1 ratio in the forward scattering direction occur at θ = 0°, and then at 
θ = 30° and θ = 330°. In general, the second and third harmonics in backward scattering 
0.5 1 1.5 20
0.05
0.1


























0.5 1 1.5 20
0.05
0.1



























direction have smaller amplitudes than that in the forward scattering direction. Besides, it is 
obvious that the third harmonic in the backward scattering direction are smaller than that of 






6 Debonding localisation in FRP-retrofitted concrete based on 
scattering of linear Rayleigh wave 
This chapter investigates the application of linear Rayleigh wave for detecting debonding in 
FRP-retrofitted concrete structures. A method based on Time-of-flight (ToF) is developed to 
locate debonding between the FRP and concrete. A 3D FE model is used to simulate the 
Rayleigh wave propagation and scattering at the debonding in the FRP-retrofitted concrete 
structure. A series of numerical case studies are carried out to demonstrate the capability of 
the proposed debonding detection method. Different debonding sizes and locations are 
considered in the case studies. It is demonstrated that the ToF-based method is capable of 
locating debonding at FRP/concrete interface. 
6.1 Basics of debonding localisation method 
ToF is an important feature of a guided wave signal in time domain. ToF-based damage 
localization has been widely used in guided wave damage detection [125-128]. Basically, ToF 
can be defined as the time difference between the incident wave and damage-scattered wave, 
actuated and captured by the same pair of actuator-sensor. Considering FRP-retrofitted 
concrete model with debonding between FRP and concrete, the simplest case is when 
debonding is located exactly on the projection of actuator and sensor connection. First, the 
sensor captures the incident wave. Then, wave propagates and reflects back from debonding, 
which is captured again by the sensor as shown in Figure 6-1. Difference of ToF of debonding-
scattered wave and that of incident wave (∆t) and the group velocity of the wave (Cg) can be 








Figure 6-1. Schematic diagram of 1D damage localization in FRP-retrofitted concrete using ToF 
Figure 6-2 illustrates an FRP-retrofitted concrete element with a pair of actuator-sensor 
attached on FRP composite. Actuator, sensor and debonding are assumed to be located at 
(xA,zA), (xs,zs) and (xD,zD) respectively. Now, Equation 32 can be expanded as: 
∆𝑡𝑡 = 𝑡𝑡𝐴𝐴−𝐷𝐷−𝑆𝑆 − 𝑡𝑡𝐴𝐴−𝑆𝑆
= (
�(𝑥𝑥𝐷𝐷 − 𝑥𝑥𝐴𝐴)
















where Cg is the group velocity. The solution to this equation is an ellipse, presented by dotted 














In the real situation, where we have a network of transducers, each operating as both 
actuator and sensor, Equation 33 can be further expanded. With a network consisting of N 
transducers, this equation can be applied to each pair of transducers, transducer (i) and 
transducer (j), where i, j= 1, 2,…, N and i≠ j. If ∆ti-j denotes difference between ToF of wave 
generated by actuator (i), scattered by damage and then captured by sensor (j), and ToF of 

















     (34) 
The solution of a set of above-mentioned equations will result in a number of elliptic shapes, 
the common intersections of which, can locate the damage. 
 













6.2 Numerical model description 
In the FE model in this chapter, S4R shell elements are used to model the FRP laminate and 
C3D8R solid elements are used to model the concrete. As discussed in Section 4.6.1, rebars in 
the concrete has minor effects on the measured Rayleigh wave and only cause body wave 
reflections, which could be removed by baseline subtraction. Effects of rebars on Rayleigh 
wave scattering from debonding are further discussed in Section 6.3. Therefore, the rebars are 
not modelled in the FE model in this chapter. In the literature, it is shown that limiting the 
excitation frequency up to 150 kHz could minimise the Rayleigh wave scattered from concrete 
aggregates [116]. Therefore, a 150 kHz narrow-band five-cycle sinusoidal tone bust pulse 
modulated by a Hanning window is used as the excitation signal in this section. The Rayleigh 
wave is generated by applying out-of-plane nodal displacement to the FE nodes covered by a 
10mm diameter circular transducer area. The Rayleigh wave was measured by monitoring out-
of-plane nodal displacements. Shell elements with dimension 1mm × 1mm and solid elements 
with dimension 1mm × 1mm × 1mm are used in ABAQUS models. This ensures at least 12 
FE nodes exist per wavelength, and hence, guarantees the accuracy of the FE simulations. The 
stable time increment is automatically controlled by ABAQUS as described in Section 3.1. To 
simulate the FRP-retrofitted concrete, surface-to-surface tie constraint is applied to connect 
nodes between the shell and solid elements. The debonding between FRP and concrete is 
simulated by untying nodes covered by the debonding area.  
The Young's modulus and density of the concrete are assumed to be 25GPa and 2400kg/m3, 
respectively. The FRP composite is 4-ply with layup sequence of [0/90]S. The thickness of 
each lamina is 0.2mm. The fibre weight fraction; Wf; is assumed to be 0.8. Table 6-1 shows 
the mechanical properties of the carbon fibre and epoxy resin. 
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Table 6-1. Elastic properties of carbon fibre and epoxy resin 











231 14.48 22.75 4.83 1760 0.27 
 







3.77 1.35 1220 0.40 
 
 
Chamis [129] formulated mechanical properties of a composite ply based on the properties 
of fibre and matrix as: 
𝜌𝜌 = 𝑉𝑉𝑓𝑓𝜌𝜌𝑓𝑓 + 𝑉𝑉𝑚𝑚𝜌𝜌𝑚𝑚 (35) 
𝐸𝐸11 = 𝑉𝑉𝑓𝑓𝐸𝐸𝑓𝑓11 + 𝑉𝑉𝑚𝑚𝐸𝐸𝑚𝑚 (36) 




























− 1 (41) 
where V, W, E, G, ρ and ν represent the volume fraction, weight fraction, modulus of elasticity, 
shear modulus, density and Poisson's ratio of constituent materials, respectively. Also, the 
87 
 
subscripts f and m denote the properties of fibre and matrix. Based on the elastic properties of 
carbon fibre and epoxy matrix, and carbon fibre weight fraction, the elastic properties of each 
FRP lamina are shown in Table 6-2. 












(GPa) ν12 ν13 ν23 
ρ 
(kg/m3) 
170.78 10.30 10.30 6.97 6.97 3.53 0.30 0.30 0.46 1617 
  
6.3 Numerical case studies 
To validate the ToF-based damage localisation explained in Section 6.1, a series of numerical 
case studies are considered. In the numerical case studies, the dimensions of the 4-ply FRP are 
250mm × 200mm, which is bonded to a 250mm × 200mm × 80mm (L×W×H) concrete. 40mm 
wide ALIDs are applied to the boundaries of FRP and concrete parts. ALID is consisted of 40 
layers; each 1mm thick; which is equal to the element size. Considering Equation 28, P was 
set to 3 and αmax was 2.5×106. The assembly of FRP/concrete model is shown in Figure 6-3.  
Four cases are considered in the numerical case studies. Cases 1–3 consider a 6mm diameter 
circular debonding located at three different locations as shown in Figure 6-4. Based on the 
Cartesian coordinate shown in Fig. 46, the coordinates of the PZT and the centres of the 
debondings are summarised in Tables 6-3 and 6-4, respectively. Case 4 considers a debonding 




Figure 6-3. FE model of FRP-retrofitted concrete 
 
 
Figure 6-4. PZT and debonding locations in Cases 1-3 of the numerical studies 
In each case, Rayleigh wave is sequentially generated by each PZT, and at the same time the 
wave signals are measured by the rest of the PZTs. A model without the debonding is used for 
baseline subtracting purpose to extract the scattered wave signal. The scattered wave is obtained 
by subtracting the simulated displacement responses of the model with debonding from those 
of the intact model. Rayleigh wave signals are normalised based on the maximum absolute 
amplitude of signal in the model without debonding. Figure 6-5a shows the incident wave 
generated by PZT-1 and captured at PZT-3 in the model without debonding in Case 4. Figure 
6-5b presents wave generated by PZT-1, scattered at the debonding and then captured by PZT-










Figure 6-5. Wave signals generated by PZT-1 and captured by PZT-3 in the model without rebars a. signal 































































As discussed in Section 4.6.1, rebars have minor effects on incident Rayleigh waves and 
rebar reflections can be removed by the baseline subtraction. To demonstrate the effect of rebar 
in wave propagation, 10mm diameter steel bars with a concrete cover of 50mm are added to the 
FE model. Figure 6-6a displays the incident wave generated by PZT-1 and captured at PZT-3 
in the model with rebar and without debonding between FRP and concrete. Figure 6-6b shows 
the wave signal generated by PZT-1, scattered at the debonding and then captured by PZT-3. 
The scattered signal from debonding in the model with rebars is shown in Figure 6-6c. As 
demonstrated in Figures 6-5c and 6-6c, the scattered signal is the same for both models, i.e. 
without and with rebars. 
Table 6-3. Coordinates of the PZT centres in numerical case studies 
PZT x (mm) z (mm) 
1 50 150 
2 50 50 
3 200 50 
4 200 150 
 
Table 6-4. Coordinates of the debonding centres and diameters in numerical case studies 
Case x (mm) z (mm) Debonding diameter (mm) 
1 80 120 6 
2 125 80 6 
3 225 80 6 
4 225 80 8 
 
It should be noted that experimentally measured Rayleigh wave signals contain some 
degrees of noise. The quality of signals can be improved significantly by averaging and also 
applying a bandpass filter. Thus, for all numerical case studies of damage localisation, 2% of 
noise was added to the signals obtained from FE simulations. That could ensure that the 
proposed method can be used in practical situations. Figure 6-7 shows the signal generated by 









Figure 6-6. Wave signals generated by PZT-1 and captured by PZT-3 in the model with rebars a. signal 





































































Figure 6-7. Wave signals generated by PZT-4 and captured by PZT-3 for debonding Case 4 
The ToF is calculated based on the difference of arrival time of incident wave and the 
scattered wave from the debonding. Elliptic solutions of Cases 1–3 are obtained based on 
Equation 36 for each debonding location and are shown in Figures 6-8a to 6-8c, respectively. 
The intersection of each pair of ellipses is indicated by a solid circle. The area with the highest 
concentration of circles, as indicated by an ellipse with red dotted line, is the most probable 
location of the debonding. The true debonding location and size are indicated by circles with 














































Figure 6-8. Elliptic solutions for 6mm diameter circular debonding in a. Case 1; b. Case 2; and c. Case 3 
To validate the proposed ToF-based damage localisation method for larger size of 
debonding, Case 4 considers an 8mm diameter circular debonding located at the same location 
as the debonding in Case 3. The elliptic solution for this case is shown in Figure 6-9.  
 
Figure 6-9. Elliptic solutions for 8mm diameter circular debonding in Case 4 






















































As shown in Figures 6-8 and 6-9, the ToF-based damage localisation method is successfully 






7 Locating debonding in FRP-retrofitted concrete using nonlinear 
Rayleigh wave 
This chapter presents the application of nonlinear Rayleigh wave to detect debonding in CFRP-
retrofitted concrete structures. The proposed method requires a network of transducers that are 
used to sequentially scan the CFRP-retrofitted reinforced concrete structures by transmitting 
and receiving Rayleigh wave. The second harmonic of Rayleigh wave due to contact 
nonlinearity at debonding between CFRP and concrete is used to detect debonding. A damage 
image reconstruction algorithm is proposed to provide a graphical representation for detecting 
and locating the debonding in the CFRP-retrofitted reinforced concrete structures. In this 
chapter, experimental case studies are used to demonstrate the performance of the proposed 
damage detection technique. A transducer array using four piezoelectric transducers to actuate 
Rayleigh wave and measure the second harmonic wave in the experiments. The results show 
that the proposed debonding detection technique is reliable in detecting and locating the 
debonding in the CFRP-retrofitted reinforced concrete structures. 
7.1 Debonding detection method using nonlinear Rayleigh wave 
The proposed damage detection method determines the existence and location of the debonding 
based on second harmonic Rayleigh wave. A transducer array with N transducers is required to 
sequentially scan the targeted structures using Rayleigh wave. Each of the transducer can be 
used as both actuator and sensor to excite and measure the wave signals, respectively. In the 
sequential scan, one of the transducers is used to generate the Rayleigh wave in the CFRP-
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retrofitted reinforced concrete structure, the rest of the transducers are used to measure the wave 
signals. This provides a total of N(N-1) actuator/sensor signal paths. 
 
Figure 7-1. a. Rayleigh wave propagation and scattering at debonding between CFRP and concrete 
interface; and b. discretization of inspection area by image pixels 
Figure 7-1a shows a transducer array with four transducers, T1, T2, T3 and T4, which is used 
as an example to illustrate the proposed debonding detection method. In the sequential scan, 
the transducer T1 is first used as the actuator to excite the Rayleigh wave, while the transducers 
T2, T3 and T4 are used as the sensor to measure the wave signals. The incident Rayleigh wave 
propagates and reaches the debonding. When the incident Rayleigh wave interacts with the 
debonding, wave scattering occurs and the second harmonic of Rayleigh wave is also generated 
due to the contact nonlinearity at the debonding. Therefore, the signals measured by the 
transducers include the incident Rayleigh wave, the scattered waves from the debonding, which 
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contain components at fundamental and second harmonic frequency, and also the wave 
reflected from the boundaries of the structure. This process is repeated N-1 times with 
transducer T2, T3 and T4 being used as the actuator, respectively. Once the sequential scan 
process is completed, the measured signals are post-processed to determine the debonding 
location using the proposed damage detection method. 
The idea of the proposed damage detection method is to discretise the inspection area into 
image pixels as shown in Figure 7-1b. Without loss of generality, transducers i and j are used 
as an example to illustrated the damage detection algorithm. When Rayleigh wave interacts 
with the debonding, the second harmonic of Rayleigh wave is generated. Therefore, it is 
assumed that the wave propagation can be separated into two stages. In the first stage, the 
Rayleigh wave is generated from the transducer i at (xi,yi) and then propagate to the image pixel 
at (x,y). In the second stage, it is assumed that the image pixel is considered as the potential 
debonding location, and hence, the second stage considers the second harmonic of Rayleigh 
wave is generated at the debonding location (the image pixel being considered) and propagates 
to the transducer j at (xi,yi). Since the locations of the transducers and image pixels are known 
in advance before carrying out the damage inspection, the group velocity of Rayleigh wave at 
fundamental and second harmonic frequency can be obtained theoretically or measured 
experimentally. The arrival time of the second harmonic Rayleigh wave can be calculated by: 
𝐶𝐶𝑖𝑖𝑗𝑗(𝑥𝑥,𝑦𝑦) =
�(𝑦𝑦 − 𝑦𝑦𝑖𝑖)2 + (𝑥𝑥 − 𝑥𝑥𝑖𝑖)2
𝑎𝑎𝑔𝑔,𝑓𝑓(𝜃𝜃𝑖𝑖)
+
�(𝑦𝑦𝑗𝑗 − 𝑦𝑦)2 + (𝑥𝑥𝑗𝑗 − 𝑥𝑥)2
𝑎𝑎𝑔𝑔,2𝑓𝑓(𝜃𝜃𝑗𝑗)
 (42) 
where Cg,f and Cg,2f are the group velocity of the Rayleigh wave at fundamental and second 
harmonic frequency, respectively. θi and θj are the Rayleigh wave propagation direction from 
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transducer i to the image pixel and from the image pixel to the transducer j. The first and second 
term at the right-hand side of the Equation 42 is the arrival time of the fundamental frequency 
of Rayleigh wave from the transducer i to the image pixel (x,y), and the second harmonic of 
Rayleigh wave from the image pixel (x,y) to the transducer j, respectively.  
Since the measured wave signal at transducer j contains both fundamental and second 
harmonic of Rayleigh wave, a short-time Fourier transform (STFT) is used to extract the second 
harmonic of Rayleigh wave and it is defined in Equation 20.  
In the proposed method, a cross-correlation analysis between the incident pulse at 
fundamental frequency input to transducer i and second harmonic of Rayleigh wave measured 
at transducer j is used to determine the time shift for describing the source location of the second 
harmonic of Rayleigh wave. As the second harmonic is induced due to the contact nonlinearity 
at debonding, it can be used to determine the debonding location. Figure 7-2 shows a schematic 
diagram of the incident wave and the measured nonlinear Rayleigh wave in the proposed 
debonding detection technique. The incident Rayleigh wave only contains components excited 
fundamental frequency. The incident Raleigh wave propagates and interacts with the 
debonding. The second harmonic Rayleigh wave is then induced due to the contact nonlinearity 
at the debonding. Therefore, the measured signal by the transducer contains components at both 
excited fundamental frequency and second harmonic frequency as shown in Figure 7-2. With 
the information of the incident wave components at the excited fundamental frequency and 
damage information at the second harmonic frequency, the cross-correlation Cij is defined as: 
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where SF is the STFT transformed incident pulse. Sij is the STFT transformed signal measured 
by transducer j while transducer i is used as actuator. fc and 2fc is the central frequency of the 
excitation signal and the corresponding second harmonic frequency, respectively. 
In the sequential scan, there are N(N-1) actuator/sensor paths. For each actuator/sensor path, 
the magnitude of a set of image pixels in the inspection area can be calculated and the magnitude 
of the cross-correlation at the possible damage location has the largest value. To determine the 
debonding location, the image indicating the possible debonding location can be obtained by 
superimposing the power flux of all actuator/sensor path images as [130] 







where κij is the weighting factor used to take into account the varying sensitivity of each 
actuator/sensor path image. In this section, it is assumed to be uniform aperture weighting, i.e. 




Figure 7-2. Schematic diagram of the proposed damage debonding method and signal processing 
7.2 Experimental studies 
7.2.1 Experiment equipment setup 
Concrete specimens 3 and 4 with debonding at FRP/concrete interface were used for 
experimental measurements. Four 2mm thick and 10mm diameter circular PZT transducers 
(Ferroperm Pz27) were used to actuate and sense Rayleigh wave on each specimen. The 
transducers were bonded to the surface of the CFRP and they are located at T1 (x1 = 160mm, y1 
= 70mm), T2 (x2 = 360mm, y2 = 70mm), T3 (x3 = 360mm, y3 = 220mm), and T4 (x4 = 160mm, 
y4 = 220mm). The excitation signal is a 95kHz, 15-cycle sinusoidal tone burst modulated by a 
Hanning window. Case 1 considers the concrete specimen 3 which has a 60mm×60mm 
debonding between the CFRP and concrete interface. In Case 2, the concrete specimen 4 with 




Figure 7-3. Schematic diagram of the CRFP-retrofitted concrete block and the layout of the surface-
mounted transducer array (top view) a. concrete specimen 3 with 60mm×60mm debonding; and b. 
concrete specimen 4 with 40mm×300mm debonding 
 
 
Figure 7-4. Experiment setup for one of the scanning processes in the sequential scan 
Figure 7-4 shows the experimental setup used in this study. A PC-controlled NI PXI-5412 
waveform generator was used to generate the excitation signal. The amplitude of the generated 
signal was then amplified by five times to 50V (peak-to-peak) using a KROHN-HITE 7500 
amplifier. The Rayleigh wave signals measured by the PZT transducers and were recorded by 
NI PXI-5105 digitizer and the data was then sent to computer for analysis. The sampling 
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frequency was set to 10.24 MHz and the signals were averaged 5000 times to improve the 
signal-to-noise ratio. 
7.2.2 Results and discussion 
Figure 7-5 shows the data measured from signal path T1-T4 for the specimen in Case 1, in which 
the transducer T1 is used as actuator to excite Rayleigh wave while the transducer T4 is used as 
sensor to measure the scattered wave signals. It is used as an example to illustrate and explain 
the wave packages in the measured signal. As mentioned in Section 7.1, the specimen has a 
60mm×60mm debonding. As shown in Figure 7-5, the signal contains a number of wave 
packages. The first wave package is the incident wave, which propagates directly from the 
transducer T1 to T4. The second wave package is the scattered wave from the debonding. As 
shown in Figure 7-3a, signal path from the transducer T1 to the debonding, and then transducer 
T4 is longer than the direct signal path from the transducer T1 to T4. Therefore, the scattered 
wave arrives after the incident wave. The last wave package is the waves reflected from the 
boundaries and they are overlapped together as shown in Figure 7-5. 
 




Figure 7-6. Energy density spectrum in time-frequency domain for the data of signal path T1-T4 with 
debonding size 60mm × 60mm 
 
 
Figure 7-7. Normalised spectral amplitude of signal path T1-T4 at fundamental frequency and second 
harmonic frequency for debonding size 60mm × 60mm 
As shown in Figure 7-5, the scattered wave package is partially mixed with the incident 
wave and boundary reflections. For damage detection technique based on the linear feature, it 
is essential to extract the scattered wave signal for damage detection using baseline data. 
Different to the linear feature, the second harmonic Rayleigh wave can be extracted using the 
time-frequency analysis without the baseline data. Figure 7-6 shows the corresponding time-
frequency energy spectrum of the signal transformed using the STFT described in Section 7.1. 
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The figure shows that the time-frequency spectrum contains not only the signal components at 
the excited fundamental frequency (95kHz), but also the second harmonic frequency (190kHz). 
Figure 7-7 also shows the corresponding normalised spectral amplitude at the excited 
fundamental frequency and second harmonic frequency. The second harmonic wave is 
generated due to the contact nonlinearity at the debonding. When the incident wave reaches and 
interacts with the debonding, the second harmonic wave is generated due to the contact 
nonlinearity. The second harmonic wave propagates and is then measured by the transducer T4. 
The results show that the arrival time is consistent with the scattered wave from the debonding. 
Since the second harmonic wave exists at the second harmonic frequency, it does not require 
the baseline data to extract the damage information. 
As the specimen is the CFRP-retrofitted reinforced concrete structure, in which the CFRP is 
anisotropic material while the concrete can be considered as isotropic material, the group 
velocity is different in each propagation direction. Figure 7-8 shows the angular dependence of 
the measured group velocity for Rayleigh wave propagation in different directions on the 
CFRP-retrofitted reinforced concrete structure. The measured group velocity is used in the 





Figure 7-8. Angular dependence of group velocity in m/s for the CFRP-retrofitted concrete  
Once the sequential scan process is completed, the measured signals are then processed using 
the STFT to extract the spectral amplitude at the second harmonic frequency. Using the data 
obtained at from signal path T1-T4 as an example, it is S14(t,190kHz). With this information and 
the spectral amplitude of the incident wave at the excited fundamental frequency SF(t,95kHz), 
an actuator/sensor path image for T1-T4 is obtained and shown in Figure 7-9. The image 
indicates the feasible debonding location based on the data measured by signal path T1-T4. The 
white dashed lines in the figure indicate the actual debonding location, size and shape.  
 
Figure 7-9. Typical image of actuator/sensor signal paths T1-T4 for debonding size 60mm × 60mm 
Using Equation 44, the reconstructed image for indicating the debonding location can be 
obtained by superimposing all the actuator/sensor path images. Figure 7-10a shows the 
reconstructed image for Case 1. Figure 7-10b shows a binary image crated from Figure 7-10a 
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by only accounting for image pixels whose intensity is larger than an arbitrary threshold value. 
In this chapter, it is chosen to be 95% of the maximum intensity of the reconstructed image. In 
this section, the predicted damage location is the centroid of the binary image, which is 
determined as the ratio of the first- and zeroth-order spatial moments of the binary image [131]. 
The predicted damage location for Case 1 is at x = 0.3213m and z = 0.1710m and it is indicated 
by a cross marker in Figure 7-10b. 
 
Figure 7-10. a. Debonding location image; and b. corresponding binary image for debonding size 60mm 
× 60mm (Circles: PZT transducers, dashed line: actual debonding location and size, cross: centroid of 
the binary image) 
Different to Case 1, Case 2 considers a debonding, which is across the whole width of the 
concrete block. The reconstructed image for Case 2 is shown in Figure 7-11a and the 
corresponding binary image is shown in Figure 7-11b. The same as Case 1, dashed lines are 
used to indicate the actual debonding location, size and shape. The predicted damage location 
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for Case 2 is at x = 0.3188m and y = 0.1413m, and it is indicated by a cross marker in Figure 7-
11b.  
 
Figure 7-11. a. Debonding location image; and b. corresponding binary image for debonding size 40mm 
× 300mm (Circles: PZT transducers, dashed line: actual debonding location and size) 
Overall, the predicted debonding locations for Cases 1 and 2 are within the actual debonding 
region. The results demonstrate that the proposed damage detection technique is able to provide 





8 Conclusions and suggestions for future research 
8.1 Conclusions 
This thesis has presented a comprehensive study on the applications of Rayleigh wave for SHM 
in FRP-retrofitted concrete structures. The 3D FE model has been developed to simulate 
Rayleigh wave propagation in FRP-retrofitted concrete structures and scattering of signals at 
debonding at FRP/concrete interface. The numerical results of group and phase velocity, and 
of mode shapes of Rayleigh wave, have been verified by analytical solutions. The analytical 
solution is based on the global matrix method. To experimentally validate the numerical results 
of Rayleigh wave propagation and scattering, FRP-retrofitted concrete specimens have been 
prepared. As discussed in Chapter 4, experimental measurements have been carried out on test 
specimens to validate numerical results of Rayleigh wave propagation in FRP-retrofitted 
concrete structures. Very good agreement has been observed between numerical and 
experimental results. Furthermore, the numerical results of the Rayleigh wave scattering at the 
bonded mass have been verified by experimental measurements. By analytical and 
experimental validation of the numerical results, it has been shown that the 3D FE model can 
accurately simulate the propagation and scattering of Rayleigh wave in FRP-retrofitted concrete 
structures. 
The scattering directivity patterns of linear Rayleigh wave at debonding at FRP/concrete 
interface have also been investigated in Chapter 4. Absorbing layers by increasing damping 
have been developed and applied to the numerical model in order to improve computational 
efficiency of scattering analyses. Different sizes and shapes of debonding have been considered 
for linear scattering studies. Scattering results have been presented in terms of RDW which is 
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defined as debonding size/diameter to the wavelength ratio. For small values of RDW, 
magnitudes of forward and backward scattering are close. For larger values of RDW, the forward 
scattering is more sensitive to debonding than backward scattering, demonstrating larger 
magnitudes and a less complicated directivity pattern. It has been shown that the forward 
scattering for rectangular and circular debonding follows a similar trend while rectangular 
debonding demonstrates slightly larger magnitudes. Rectangular debondings cause larger 
backward scattering than do circular debondings; however, the trend of backward scattering is 
complex for both debonding shapes.  
Nonlinear Rayleigh wave and higher harmonics generation of Rayleigh wave at the 
debondings in FRP-retrofitted concrete structures, have been investigated in Chapter 5. The 
numerical results of Rayleigh wave propagation and scattering have been presented in time, 
frequency and time-frequency domains. Both second and third harmonics of Rayleigh wave, 
induced by the debonding at FRP and concrete interface, have been studied in detail. Very good 
agreement has been observed between numerically calculated and experimentally measured 
results. It has been shown that the 3D FE model is capable of simulating nonlinear Rayleigh 
wave and higher harmonic generation at the debondings. The experimentally validated 3D FE 
model has been used in the parametric case studies.  
To investigate scattering directivity of nonlinear Rayleigh wave, different sizes of debonding 
have been considered in Chapter 5. Second and third harmonics in the forward and backward 
scattering directions have been studied. The second and third harmonic amplitudes have been 
presented in terms of RDW. For rectangular debondings, the amplitude of the second harmonic 
is generally larger than that of the third harmonic. Also, the second and third harmonic 
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amplitudes in the forward scattering direction are larger than that in the backward scattering 
direction. That means that the second and third harmonic energy is mainly concentrated in 
forward scattering direction. 
Scattering of linear Rayleigh wave has been used to locate debonding in FRP-retrofitted 
concrete structures in Chapter 6. The proposed method is based on ToF of the incident wave 
generated by actuator and directly captured by a sensor, and ToF of the wave scattered by 
debonding at FRP/concrete interface. The 3D FE model has been used to simulate Rayleigh 
wave propagation and scattering. Numerical case studies have been presented for different 
locations and sizes of debonding. It has been demonstrated that the proposed ToF-based method 
can accurately locate debonding at FRP/concrete interface in FRP-retrofitted concrete 
structures. 
A reference-free debonding detection technique for FRP-retrofitted concrete structures has 
been presented in Chapter 7. The technique is based on nonlinear Rayleigh wave and second 
harmonic generated due to contact nonlinearity at the debonding. In this chapter, the proposed 
debonding detection technique has been verified using experimental results. The results show 
that the reconstructed binary damage image is able to accurately predict the debonding location. 
One of the advantages of the proposed debonding detection technique is that it only requires a 
few transducers to locate the debonding within a reasonable size of inspection area. The 
proposed technique only involves computationally efficient algorithms, such as signal 
processing using STFT, and simple cross-correlation analyses. The technique can be practically 
implemented using a multiplexed data acquisition system, which allows sequential excitation 
of Rayleigh wave at each transducer and simultaneous measurement of signals from different 
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transducers. Therefore, the proposed imaging technique has the potential to achieve real-time 
in-situ debonding detection. 
Overall, this PhD research has provided physical insights into propagation of Rayleigh wave 
in FRP-retrofitted concrete structures and scattering of signals at debondings at FRP/concrete 
interface. It has been demonstrated that Rayleigh wave signals are sensitive to debonding 
between FRP and concrete; therefore, scattering characteristics of Rayleigh wave can be used 
to identify the debonding. The introduced ToF-based method proves accurate to locate the 
debonding using scattering of linear Rayleigh wave. Besides, the proposed reference-free 
damage localisation technique can facilitate practical applications of nonlinear Rayleigh wave 







8.2 Suggestions for further research 
The current PhD thesis has thoroughly investigated the applications of Rayleigh wave in FRP-
retrofitted concrete structures. The following topics are suggested for further research: 
• The current research has explored applications of linear and nonlinear Rayleigh waves 
in FRP-retrofitted concrete structures to detect and locate debonding at FRP/concrete 
interface. However, debonding size should be defined as well. Therefore, determination 
of size/severity of debonding in FRP-retrofitted concrete structures can be considered 
for future studies.   
• In this research, the debonding in experimental specimens was created by using Mylar 
sheet. For future studies, generation of real debonding conditions in test specimens can 
be considered. 
• In addition to debonding at FRP/concrete interface, delamination inside FRP composite 
can be considered. In this regard, different combinations of debonding/delamination can 
be investigated. For instance, various cases of delamination; e.g. different orientations 
can be studied. 
• FRP composites are not only applied on concrete structures and can be used to retrofit 
different types of structures. For those cases, debonding between FRP and the substrate 
can be investigated. 
• In this research, only CFRP composites have been considered in numerical simulations 
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